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Porous silicon (PSi) formed by electrochemical etching in a solution of HF in 
ethanol shows a very high specific surface area with highly reactive centres. Various 
surface modification methods which replaces the meta-stable Si-H terminal bonds 
with stable Si-O or Si-C bonds have been demonstrated to provide a chemically stable 
surface to PSi while facilitating distinct interactions with a target analyte. Some of 
these surface modifications were employed in this work to enhance the durability and 
selective surface sensitization ability of PSi.  
An electrical sensor was fabricated with two coplanar contacts attached to the 
back (nonporous surface) of the silicon wafer which gave a very reliable functionality.  
Analyte exposure tests were carried out through drop tests, flow tests, and 
vapour tests. In drop tests, characteristic curves were obtained with the sensor 
exposed to a 0.1ml drop of each target analyte. The impedance response curves for 
ethanol, methanol, acetone and acetonitrile showed three distinct zones corresponding 
to exposure, stabilization and evaporation. Acetone and acetonitrile showed rapid and 
full recovery in the evaporation zone while methanol showed slow recovery with 
hardly any identifiable boundary between stabilization and evaporation zones. 
Ethanol, however, showed clear boundaries but not complete recovery. A sharp peak 
was recorded for pentane. 
Flow tests were carried out in an open flow cell by introducing a continuous 
stable flow of organic solvents / NaCl electrolyte solution into the sensors. Sensors 
showed a decrease in impedance at the initial stage of exposure but remained stable 
afterwards. 
 x
In vapour tests, the sensors were exposed to different organic vapours under 
gas saturation conditions inside a controlled humidity chamber. Unlike in the case of 
drop/flow tests, the behaviour of the undecylenic acid sensors and APS sensors was 
very similar to that of 1-decene sensors.  
To theorise the changes in impedance the PSi was modelled as a series of 
parallel plate capacitors with the pores depicting the dielectric. Filling up of the pores 
with the target analytes therefore represented changes in the dielectric constant and 
hence the total capacitance.  
PSi with different surface functional groups showed distinct interactions with 
target analytes, providing good selectivity. A PSi surface modified by a simple 
hydrocarbon showed little characteristic distinction between the analytes and the 
sensor’s response was mainly a function of the relative permittivity of test 
environment.  
Reasonable correlations were obtained between the sensor impedance and 
both the surface tension and the dielectric constant of the solvents. However, sensors 
with surface functionalities of –COOH and NH2 deviated from linear behaviour when 
they were exposed to polar analytes such as ethanol.  
 In conclusion, it has been demonstrated that monitoring the impedance 
of PSi films is a viable method for the detection of organic solvents and vapours. The 
response of the sensors can be modelled in terms of an array of parallel plate 
capacitors.   Functionalization of the Psi surface with different chemical groups 
provides predictable sensitivity and selectivity as well as oxidation resistance. 
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 Silicon is the second most abundant element in the earth’s crust. Although Si 
is vital to many industries, its greatest impact on the modern world’s economy and 
lifestyle has been due to the ultra pure wafers used in electronic devices. Positively 
(p-type) or negatively (n-type) doped ultra pure Si is used in the electronic and 
photovoltaic industries for transistors, solar cells, integrated circuits, microprocessors, 
sensors and many other semiconductor devices. It comprises over 95% of the sale of 
world’s semiconductor devices today. 
 Si became even more beneficial to mankind after the discovery of its ability to 
be made porous, by Ulihr in 1956 (1). However, an important breakthrough only came 
after the observation of visible light emitting ability of porous silicon (PSi) at room 
temperature by Canham in 1990 (2). Ever since, PSi has attracted immense interest in 
the scientific community and the renewed interest gifted new optoelectronic devices 
to the world. In addition, the capability of tailoring its physical and chemical 
properties by chemically ‘tuning’ surface further widens the versatility of PSi. 
 Among the unique features of PSi, the tuneable open pore structure, large 
specific surface area with highly reactive centres makes it a convenient material for 
sensitive detection of a large variety of target analytes. Most recently, its 
compatibility with biological materials has opened up a new era in the domain of bio-
sensors.  
 It is a well known fact that the sensitivity of a given material to external 
stimulus gets higher when the exposed surface area becomes larger. In this sense, PSi 
is even suitable for the production of miniaturized sensors with higher sensitivity as it 
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exhibits several hundreds of square metres of surface area per cubic centimetre (100 – 
600 m2/cm3). Furthermore, the presence of a large number of highly reactive nano-
structures allows strong interaction with its environment (i.e. with the target analytes) 
resulting in higher sensitivity. Among the key advantages, compatibility of sensor 
substrate and sensor fabrication process with the IC fabrication process and the 
possibility to make the sensor with room temperature functionality having high 
sensitivity, are remarkable. The possibility for miniaturization of sensors as demanded 
by modern applications is also significant as miniaturization itself promote lower 
energy consumption, sensor portability, faster reaction kinetics, reduced packing and 
low production cost. Furthermore, the low cost of fabrication allows production of 
disposable sensors and thereby avoiding device maintenance.  
  
1.1 Chemical Sensor 
The first use of PSi as a chemical sensor was demonstrated by Tobias in 1990 
for vapour sensing (3). Afterwards PSi based chemical sensors were extensively 
explored and several transducer schemes proposed including capacitance, resistance, 
photoluminescence and optical reflectivity. However, high selectivity and reliability 
remained a great challenge to the scientific community.   
  
1.2 Bio-sensors  
Label free bio-sensors*1 are also presently in high demand. The key advantage 
of working with unlabeled analytes is the ease of sample preparation. However, high 
selectivity and sensitivity are crucial factors in developing a successful label free bio-
sensor. High selectivity is achieved when there is sufficient interaction between the 
recognition element and the target analyte. In this sense, PSi is a potential material for 
*1 A bio-sensor is a device that has two fundamental elements; bio-receptor and transducer. 
Bio-receptor is a bio-molecule that recognizes the target analyte whereas transducer converts 
the recognition event into a measurable signal. 
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such applications as it could provide higher immobilization capacity for the bio-
receptor due to its high specific surface area. In addition, reversibility, specificity and 
stability are important factors to be concerned. Non-specific adsorption or the 
appearance of a signal due to interferents is a major drawback in many label free 
methodologies (6). However, this can be overcome by designing a proper bio-
receptor-analyte system. As an example, high specificity can be achieved in the 
antibody-antigen*2 system even in the presence of intereferents and this type of 
sensors are called direct immuno-sensors*3 (6).  
 
1.3 Motivation 
Even though PSi based sensors are extensively studied, they have not yet been 
commercially produced in the large numbers due to a lack of selectivity and 
reliability. One reason for this is PSi’s microstructure makes this material sensitive to 
a wide range of analytes, resulting in poor selectivity. Moreover, the H-terminated 
surface in ‘as prepared’ PSi is not stable upon exposure to ambient air or moisture. 
The oxygen and water vapour in air steadily react with the Si-Hx bonds on the surface 
creating oxygen containing bonds. This phenomenon is called ageing. Even though 
ageing is a slow process, it affects the chemical and physical properties of PSi 
resulting insufficient operational stability and hence leads to poor reliability. 
Even though, there is a possibility to achieve both reliability and selectivity 
through functionalization of  the PSi surface with organic modifiers, i.e. by replacing 
the meta-stable Si-H bonds with more stable Si-C or Si-O bonds, only a few attempts 
to do this have been made so far (4,5). 
 
 
*2 Antibodies are immunoglobulins which are produce by the body in response to antigen. An 
antigen is any molecular species that is recognized by the body as foreign and triggers an 
immune response.  
 
*3 There are two types: Direct and indirect immunosensors. Direct immunosensors are designed 
in a such a way that formation of an antibody-antigen complex induces physical changes in the 
signal. Whereas, indirect sensors rely on labels conjugated to either the antibody or antigen to 
visualize the binding event. 
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1.4 Objectives of this study 
In this context, this study aimed; 
(i) To acquire stable form of PSi via different functionalization techniques 
such as thermal oxidation, silanization and thermal hydrosilylation, in 
order to develop PSi conducive for sensor applications. 
(ii) To realize a PSi chemical sensor with enhanced selectivity and 
sensitivity through functionalization. 
(iii) To explore the viability of use of functionalized PSi for sensor array in 
an electronic nose. 
(iv) To explore the possibility of immobilization of bio-molecules (BSA) in 
PSi through chemical bonding. 
(v) To investigate the feasibility of employing the bio-molecule 
immobilized PSi as a platform for a label free bio-sensor (immuno 
sensor) and 
(vi) Finally, to investigate the theory behind the characteristic performance 











1. A. Uhlir, Bel System Tech. J., 35, 333-347, 1956. 
2. L.T. Canham, Appl. Phys. Lett., 57, 1046-1048, 1990. 
3. C.W. Tobias, R.C. Anderson, R.S. Mullar, Sensors and Actuators A, 23, 835-
839, 1990 
4. A. Janshoff, K. P. S. Dancil, C. Steinem, D. P. Greiner, V. S.-Y. Lin, C. 
Gurtner,  K. Motesharei, , M. J. Sailor, M. R. Ghabiri, J. Am. Chem. Soc., 120, 
12108-12116, 1998. 
5. K. P. S. Dancil, D. P. Greiner, M. J. Sailor, J. Am. Chem. Soc. ,121, 7925-
7930, 1999. 
6. R. F. Taylor, J. S. Schultz, Hand book of chemical and biological sensors, 


















THEORY & LITERATURE 
2.1 Definitions  
Porous silicon (PSi) can simply be described as a sponge-structure with 
interconnected, hydrogen covered silicon columns and pores as shown in the Fig. 2.1. 
This can be created by anodization or by stain etching (1). The size of the pores and 
the remaining Si skeleton strongly depend on the substrate doping level and etching 







Fig 2.1 Schematic Structure of PSi layer (1) 
 
 
Pores are etched pits in which the depth (d) exceed the width (w) (ie. d>>w). 
 
Pore size is defined as the (nominal) distance between two opposite walls of the pore. 
Although it has a precise meaning when the shape of the pore is geometrically well 
defined, it is not so easy to determine when pore size is reduced down to the micro 





a Through pore 
b Interconnected pore 
c Blind or dead end pore  
d Isolated pore 
e Branched pore 
a     b               c            d               e        
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 According to the International Union of Pure and Applied Chemistry (IUPAC) 
convention, pore size is categorised as micro-pores if w< 2nm, meso-pores if 2 
nm<w<50 nm and as macro-pores if w> 50 nm. 
 
Porosity is defined as the fraction p of total volume of the sample Vpsi that is 
attributed to the pores Vpores. 
ie.  p= Vpores / Vpsi 
This can be determined by a gravimetric method as follows. 
 p = (m1-m2)/ (m1-m3) 
Where  m1 = weight of the Si wafer before anodization,  
 m2 = weight of the Si wafer after anodization 
 m3 = weight of the wafer after dissolution of the whole PSi layer in a 1M 
NaOH aqueous solution. 
In general, a few factors govern the porosity. The porosity increases with increasing 
etching current density and it decreases with increasing HF concentration of the 
electrolyte (2, 3). It is also sensitive to the type of pores and hence substrate doping 
density as well as the electrolyte temperature (4) 
 
Pore density (Np) is defined as the number of pores per unit area and it usually refers 
to a plane normal to the pore axis. For (100) oriented substrate, this plane is parallel to 
the electrode surface.  However for other orientations it is only possible to calculate 
the average pore density as there is no preferred orientation of pores; they are heavily 
branched. It has been found that Np increases with doping density for macro and 
meso pores while it is independent on doping density for micro pores (5).  
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The specific surface area (SSA) is defined as the accessible area of solid surface to a 
gas (eg: N2) per unit mass of material. SSA increases with decreasing dimensions of 
the pores. i.e. from macro pores to micro pores as shown in the Table 2.1 (5). 
 
Table 2.1 Properties of an orthogonal array of cylindrical pores of 50% porosity* 




5 x 105 1718 0.28 Micro 
12 x 104 859 0.14 
2 x 104 344 5.6 x 10-2 
5000 172 2.8 x 10-2 
 
meso 
1250 86 1.4 x 10-2 
200 34.4 5.6 x 10-3 
50 17.2 2.8 x 10-3 
12.5 8.6 1.4 x 10-3 
2 3.44 5.6 x 10-4 





0.125 0.86 1.8 x 10-4 
 
 
*These are calculated assuming an atomic density of 7 x 1014 cm2, corresponding to a 
(100) Si surface and a bulk density of Si atoms of 5 x 1022 cm-3. 
Note: It is possible to obtain PSi with internal surface area of about 600 – 900 m2/cm-3 
and this latter value is equivalent to that of activated charcoal (5). 
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2.2 Overview of History and Device Applications of PSi 
 PSi has been known for many decades but it is only relatively recently that its 
true microstructure and its properties have come under close investigation. PSi was 
first discovered by Ingeborge and Arthur Uhlir at Bell labs in the 1950s while they 
were studying electropolishing of Si in HF based solutions. They observed that the 
surfaces often developed a matt black, brown or red deposit at low current densities 
and suggested that the material was sub-oxidized or oxy-fluorides (6). This remained 
un-investigated for the next decade but shortly after, Fuller and Ditzenberger, reported 
that a similar film could develop in HF/HNO3 solutions without any externally applied 
bias to the Si (7). 
 These ‘anodized films’ and ‘stain films’ were studied in detail by Turner (8) 
and Archer (9) respectively. However, it was Wattanabe and co-workers who first 
reported the porous nature of the electrochemically formed films (10).  
 PSi was first turned into practical use for device isolation by NTT (Nippon 
Telegraph and Telephone Public corporation) together with Sony corporation in 1969 
(11). A few years later, between 1975 and 1982, a number of attempts to realize 
silicon on insulator (SOI) circuitry were subsequently made (12-14). Even though 
these techniques were impressive, they seemed difficult to implement in practice on a 
large scale. It was Imai (15) who first proposed a practical method, named as FIPOS 
(fully isolation porous oxidized silicon), for device isolation in the1980s. 
 After the observation of PL at 4K in 1984 by Pickering et al (16), which was 
interpreted as due to a complex mixture of amorphous phases, scientific curiosity 
about PSi was enhanced. Canham (17) reported visible room temperature PL in 1990 
and described the origin of PL by quantum confinement effect. Independently 
Lehman and Gosele (18) reported the same in 1991. Within 10 years almost 4000 
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papers had been published related to porous and nano-crystalline Si compared to less 
than 200 in all of the years before reporting of the visible light emission (19).  
 Although the quantum confinement effect is widely accepted, the details of the 
mechanism for PL are still heavily debated, as it is believed to involve multiple path 
ways such as contaminated amorphous silicon(20), radiative hydrogen related 
polysilane surface centres (21,22) and molecular compound siloxene (Si6O3H6) (23-
25). However, this led to the development of light emitting devices (LEDs), which is 
one of the main three components in optoelectronic system. Richter et al (26) 
demonstrated the first solid state LED, based on PSi. It was a Schottky type junction 
of Au/p-type PSi which gave red EL. After this, a variety of LEDs based not only on 
metal/ PSi structure, but also on p+/n-PSi, p+/p-PSi structures were developed and 
one of today’s challenges in this research area is the increase of external quantum 
efficiency (≥ 1%), life time (≥1000hrs) and speed (≥ 100 MHz) (27,28) 
 In addition to LEDs, potential use of PSi as wave guides (29) and photo-
detectors (30) have also been extensively studied (29, 30). 
 Beyond electronic and optoelectronic devices, PSi: has potential for 
fabricating photonics, chemical sensors (31) and for improving the performance of 
photovoltaic devices. (32). 
 Some of the advantages of using PSi in solar cell structures are its highly 
textured morphology which could enhance trapping of incident light and the 
adjustability of the band gap by controlling the Si skeletal size for optimum sun light 
absorption (33). However, high resistivity of the PSi makes it unsuitable for this 
application. On the other hand owing to its very large surface area to volume ratio and 
surface phenomena associated with the quantized nano-crystalline systems, PSi was 
found to be ideal as a sensor material for gases, liquids and bio-molecules where 
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changing properties of PSi, such as PL efficiency and dielectric constant, due to the 
interaction with target molecules were used as transducers for analysis (34, 35). This 
will be described in detail in Section 2.2.1  
 
2.2.1 Application of PSi as Sensors  
 Over the past several years, a number of innovative applications of PSi have 
been demonstrated, as mentioned in the Section 2.2. One of the most exciting and 
promising applications is the field bio-and chemical sensors. In point of view of this 
study, it is most appropriate to provide an overview of PSi sensor technologies being 
developed by many other contemporary research groups. 
 Though PL quenching was used as the transduction event early investigations 
(36), new approaches utilize other aspects such as reflectivity, conductivity/resistivity 
and capacitance of the PSi. These properties have been exploited to develop PSi 
sensors for detection of toxic gases, solvents, explosives, DNA and proteins. 
Detection limits of only a few ppb have been demonstrated for some analytes.  
 
a) Optical PSi sensors 
In this field, several optical and PL based transduction schemes have been 
proposed; including, PL modulation (36), interferometry (37), ellipsometry (38, 39, 
40). Waveguides have also been studied to develop optical based PSi sensor(41). 
In the early stages, PL quenching upon exposure to different solvent 
vapours and gases, was thoroughly investigated as a sensing property (36, 42, 43). It 
was suggested that PL quenching could be associated with the solvent interaction 
which introduces a site for non-radiative recombination of excitons (36), modification 
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of refractive index and dielectric constant of the media surrounded by the nano 
crystals (43) or capillary condensation of vapours into the pores (43). 
However, the response to the target analytes were dependent on the surface 
properties (i.e. whether PSi surface is hydrophilic or hydrophobic) and hence 
modulation of the response and the selectivity of the sensor have been adjusted 
through surface modifications. Dian and co-workers observed enhancement of the 
selectivity of the PL based optical sensor after surface modification with methyl-10-
undecenoate (44). In addition a dramatic change in PL response was shown when 
polypyrrole was deposited on the PSi surface, compared to ‘as prepared’ PSi (45). 
However the stability was poor due to degradation of the polymer (45).  
The theory behind the optical interferometry sensors is that the reflection of 
light at the top (air interface) and bottom (bulk Si surface) of the PSi layer results in 
an interference pattern (Fabry-Perot fringes), which is sensitive to the refractive index 
of the PSi matrix. Introduction of a molecular species induces a change in the 
refractive index of the PSi matrix giving rise to a wavelength shift in the fringe 
pattern, which is used as the detection signal (46). This was successfully implemented 
to detect HF gas and bio molecules at very high sensitivity, by Sailor and co-workers 
(37, 46-49). However, H-terminated PSi readily suffered oxidative and/or corrosion in 
aqueous solutions, which is a serious disadvantage for sensing bio-molecules. Sailor 
et.al. were able to overcome this by modifying the PSi surface with alkoxy 
silanes/protein A (47,48) 
 In addition, Arwin et.al. used spectroscopic ellipsometry to study the total 
refractive index in the PSi matrix upon exposure to different liquids/vapours (38,40) 
which is caused by the penetration of the liquid into the layer and partially filling up 
the pores. Bakker et.al. also investigated the possibility of increasing the sensitivity to 
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organic vapours by modifying the PSi with a conjugated polymer or polyacrylic acid 
(PAA) (50).  
 Variation in the properties of an optical wave guide* upon exposure to organic 
solvents has also been investigated (41). The ‘as prepared’ wave guide based on PSi 
structures scatter a substantial portion of the light due to internal roughness. The 
introduction of organic solvents into the pores dramatically reduced the light loss 
from scattering.  
 Even though optical sensors are promising due to very fast response and 
extremely high sensitivity, the use of optical detection requires a more complex 
measurement systems compared to conductometric or capacitive sensors, which limits 
their usefulness in practice (51, 52).  
 
b) Conductometric sensors 
Conductivity detection is the one of the most common transducer schemes 
used in PSi sensors. It seems attractive due to its simplicity (Fig 2.2) compared to the 
optical measurement system. The observed change in conductivity upon exposure to 
different target analytes such as organic vapours/liquids, toxic gases, humidity has 
been explained with different approaches (53-56). 
 Stievenard and Deresmes proposed a model where adsorbed gas 
molecules at the PSi surface modulate the width of the depletion region of the nano-
crystals, thus modifying the width of the central conduction channel and hence the 
overall conductivity (54). One of the other popular proposed mechanisms is 
associated with the capillary condensation of vapour into the micro- pores (57). This 
condensation may change the dielectric constant in the pores (57) or it may introduce 
parallel ionic conductivity through the condensed vapour (55, 58). However, Ben- 
* Optical wave guides are structures in which a dielectric material with high permittivity and thus 
high index of refraction is surrounded by a material with low permittivity. The structure can guide 





                     
 
(a) (b) 
Fig 2.2 (a) Schematic diagram of conductometric sensor and (b) experimental 
set up as described by Galeazzo et.al. (51) 
 
 
Chorin et.al. ruled out the possibility of parallel ionic conductivity, and suggested that 
the reduced resistance may be due to lowering the energy barriers between nano-
crystals caused by adsorbates or charge redistribution inside the nano-crystallites thus 
affecting the depletion of carriers (42,59). However, this may not that relevant to PSi 
as this keeps its parent crystalline structure (i.e. there is no PSi/PSi interface). 
However, adsorption of molecules could influence the length of space charge layer at 
the PSi/air interface. Its effect on the sensor impedance would be an additional 
capacitor in series with the capacitors due to remaining crystalline rods in PSi. 
However, it is not possible to resolve and determine these two capacitor components 
in practice. Another factor commonly discussed as contributing to conductivity 
changes is the effect of polar molecules adsorbed onto the PSi surface (60). Galeazzo 
et.al. also assumed that polar molecules might lower the energy barrier between nano-
crystals, since AC conduction is associated with a hopping mechanism of charge 
carriers among localized sites whose transmission rate depends both on spatial 
distance and energy barrier (51).  
 Therefore, it seems that the theory behind the electrical response is not well 













c). Capacitive sensors 
 Capacitance is another transduction mechanism used in PSi sensors. Anderson 
et.al. described this mode of transduction, demonstrating PSi as a promising material 
for sensing in 1990 (52). A large response in the capacitance of a PSi layer (440%) to 
a humidity change from 0-100% was observed and it was suggested that the response 
is most likely caused by capillary condensation of water vapour into the pores, which 
changes the effective permittivity of the PSi (52). However, the vapour condensation -
based mechanism was eliminated in 1995 based on refractive index measurements of 
the PSi (58).  In addition to capillary condensation, there are several other factors that 
could contribute to the capacitive response. These include, dielectric constant, vapour 
concentration, physical interaction of the adsorbates and adsorption of photonic 
energy (61).  
 In addition to the physical sensors described above, the possibility of using 
PSi for electrochemical sensors has been investigated. Zairi et.al demonstrated a high 
sensitive potentiometric sensor towards Na+ ions based on functionalized PSi as a 
transducer (62). Sakely et.al. performed electrochemical measurements on PSi sensor 
composed of an Electrolyte-Insulator-Semiconductor structure, where the PSi surface 
was functionalized with p-tert-butyl-calix-arene molecules which was used as a 
recognizing agent towards Ni++ ions (63).  
 Capacitive microsensors for bio-chemical and pH sensing have also been 
realized using PSi as a transducer material in an Electrolyte-Insulator-Semiconductor 
structure. In order to prepare that bio-sensor, enzyme penicillinase was deposited 
inside the pores (64-66). The immobilisation procedure avoided reduction of enzyme 
activity due to intermolecular cross linking so the sensor showed long term-stability 
(250 days).  
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2.3 I-V characteristics of Si electrodes in an electrolyte 
 The Si-electrolyte junction is assumed to behave like a Si-metal junction 
(Schottky junction) and hence the I-V curve is expected to be similar to a diode, at 
least as long as the charge transfer is limited by charge supply from the Si electrode. 
However, I-V characteristics of real Si electrode/electrolyte interfaces show different 
features from the diode characteristics, due to interfacial chemical reactions that 
depend on the electrolyte to be used (67). As an example, if the electrolyte is free 
from fluoride, a passivating oxide layer is formed restricting further current flow, 
while in the HF electrolyte; oxide formation does not lead to passivation because SiO2 
rapidly dissolves in HF (67). Although this is a wide subject, the discussion here will 
be confined to the behaviour of Si in HF electrolytes, i.e. the system used for the work 
presented in this thesis. 
 Typical J-V characteristics, where J is the current density as opposed to the 
voltage V, of p-type and n-type Si in an HF electrolyte is illustrated in Fig. 2.3. 
Illumination produces a photocurrent that can add or subtract from the corrosion dark 
current depending on the majority carriers present in the Si electrode (68).  
 
P-type Si:  p-type Si when under reverse bias in the dark does not allow a current to 
flow. However, under illumination there is a cathodic current which is equal to the 
photocurrent provided that bias voltage is high enough to overcome the recombination 
of photo-generated electron-hole pairs. This photocurrent is directly proportional to 
the intensity of illumination and is mostly consumed by hydrogen evolution (68-70).  
 At more positive potentials, under depletion conditions, with current densities 
below Jps (electropolishing peak) a hole approaches the Si-electrolyte interface and 
initiates divalent electrochemical dissolution of the Si surface. This dissolution 
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proceeds under formation of H2 and electron injection which will be discussed in 
Section 2.5 (71, 72).  
 At current densities above the Jps, forward bias, electropolishing of Si occurs 
by dissolution, in two steps. In the first step, the electrode is anodically oxidize and 
forms an intermediate oxide film and in the second step oxide is chemically dissolved 
in HF leaving a new polished surface according to; 
Si  +  2H2O  +  4H+                  SiO2  +  4H+    (Step 1) [2.1] 
SiO2  +  2HF2-  +  2HF          SiF62-  +  2H2O  (Step 2)  [2.2] 
(Polishing requires 4 electrons per Si atom removed) 
 
n-type Si: n-type Si shows a significant difference in its etching I-V curves obtained 
under illumination and under dark; in contrast to the minor variations seen with p 
type. 
 When n-type Si is forward biased the current is maintained by majority 
carriers and hence it shows typical Schottky type diode behaviour (68). Under reverse 
bias, a negligible dark current flows until the break down field strength is reached. 
However when the sample is illuminated I-V characteristics show different features 
depending on the intensity of the light (70, 72, 73). A small photocurrent is observed 
when the intensity of the light is low, whilst I-V curves similar to p-type Si can be 
obtained under strong illumination (73). Likewise, n-type PSi can be formed under 
this condition below Jps. (i.e. Porous n-type Si is usually formed under strong 
illumination). (68, 69) 
 Important features of I-V characteristics of both p-type and n-type Si electrode 












Fig 2.3 J-V characteristic curve for (a) p-type Si (b) n-type Si (67, 68) 
 
Table 2.2 Summery of the important features (67-74) 
Type of 
Semiconductor 
Negative range Positive range 
p-type silicon  No Si dissolution  
 H2 gas evolution 
 Reverse bias Schottky 
behaviour 
 Photocurrent proportional 
to light intensity 
 Si dissolution 
 Pore formation J< Jps  
 electropolishing J>Jps 
 No significant illumination effect on 
etching  
 
n-type silicon  No Si dissolution  
 H2 gas evolution 
 Forward bias Schottky 
behaviour 
 No significant illumination 
effect 
 Si dissolution 
 Pore formation J< Jps only under 
illumination  
 Electropolishing J>Jps only under light 
 Dissolution occurs only with high 
intense illumination 
 No or negligible current in the dark 
(b) 
















2.4 Electrochemical pore formation in Si electrode 
 There are few useful models in the literature which describe the initiation and 
propagation of pores in defect free mono-crystalline Si. Among them, linear stability 
analysis is a model which examines pore initiation theoretically. It also describes the 
behaviour of a dissolving interface and its stability (75) 
 The difference in the dissolution rates between the pore tip and the pore wall 
can be justified considering the reaction kinetics limited by the supply of reactants 
that diffuse to the reaction front. The Eden model (76) and diffusion limited 
aggregation model (77) consider this diffusion distribution of reactants and they 
describe the pore propagation mathematically by means of probability analysis. Detail 
descriptions of these models can be found (76-78). 
 All the models described above are based on mathematics and it is sometimes 
difficult to find the physical equivalent of the mathematical parameters in those 
models. However, there are a few models developed that consider the chemistry or 
physics behind the dissolution process. They are based on the active passive transition 
between pore tip and pore wall. There are three mechanisms which explain pore wall 
passivation and passivity break down at pore tip. They are anodic oxide formation, 
quantum confinement and the extension of the space charge region (78).   
 Anodic oxide formation however, is not realistic for the Si electrode in contact 
with HF because any oxide formed during dissolution is readily dissolved. Therefore 
passivation cannot be expected (78). 
 However, the quantum confinement model explains this passivity and break 
down logically. As the dimensions of the Si skeleton decrease, band gap widening is 
expected due to the quantum confinement effects as shown in Fig. 2.4 (79, 80). This 









‘band off set effect’. Therefore pore walls become depleted of free carriers (81). 
However, the pore tip is a continuous structure of the bulk Si and holes transport 
towards the tip can occur easily as there is no energy barrier. This leads to higher 











Fig 2.4 Schematic illustration of band gap opening due to  
quantum confinement effect (78)  
 
 
Formation of extended space charge region (SCR) is also a possible cause for 
passivation of pore wall against dissolution (Fig 2.5). Extension of SCR is a result of 
the applied electric field, because concentration of the free charge carriers in 
semiconductors is very much smaller than metals. However, the SCR is present not 
only on the pore walls but also on the pore tip. Therefore it requires a mechanism to 
activate the pore tip. Possible mechanisms are tunnelling, avalanche break down, 
thermo ionic emission and minority carrier collection (4). However, the predominant 
mechanism depends on the doping density of the substrate and this leads to different 
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Fig 2.5 Passivation by space charge region 
 
2.5 Mechanism of electrochemical dissolution of Si 
 At lower anodic potentials (V<Vps; where Vps is the potential of the small 
sharp peak in Fig. 2.3) a divalent electrochemical dissolution occurs in HF based 
electrolytes leading to a porous structure. However, no evidence can be found for Si-F 
bonds present on the PSi surface even though the Si-F (6 eV) bond is much stronger 
than Si-H (3.5 eV) bonds (82). Therefore it is assumed that if a Si atom at surface 
bonds to a F atom it is immediately removed from the surface. This fast removal of 
Si-F species was explained by the weakening of Si back bonds due to the strong 
polarization effect of F (83) 
 Divalent dissolution is initiated by a hole from bulk Si. In the absence of holes 
a H passivated Si surface is virtually free from attack by HF2- ions in the HF 
electrolyte, due to negligible polarization of Si-H, as the electron affinity of Si is 
about that of H. i.e. at OCP no dissolution occurs. However, once a hole reaches the 
Si-electrolyte interface it allows nucleophilic attack. (Step 1) 
 Once the Si-F bond is established a second nucleophilic attack occurs under 













































Step 2       Step 3 
 
The strongly polarized Si-F bonds weaken the Si-Si back bonds, so these can easily be 
attacked by HF or H2O. The new Si atom becomes a surface atom again bonded to a 














































The reaction product SiF4 reacts 
with HF chemically to form 
highly stable SiF62- fluoroanion 
which remains in the electrolyte 





(SiF4) + 2HF            SiF6 2- +  2H+      [2.3] 
The surface returns to its ‘neutral’ state until another hole is made available. 
 Note that this is only one of a number of proposed mechanisms for 
electrochemical dissolution of Si, however they are all quite similar. 
 
2.6 Mechanical stability of PSi 
 Drying, which is the last step in PSi formation, is a very crucial process. 
Highly porous films are limited by the mechanical stability that arises during 
evaporation, which results in cracking or peeling off the PSi layer. The use of PSi for 
sensor application is severely dependent on the mechanical stability. The origin of the 
cracking is the large capillary stress associated with the nano-metric size of the pores. 
In the p-type material the capillary stresses are much larger than n-type, due to 









 Capillary tension during the evaporation of pore liquid can simply be 
calculated by the Laplace’s equation [2.4] assuming complete wetting of the surface.  
ΔP = 2σLV / r     [2.4] 
where σLV is the surface tension of the pore liquid and r is the radius of the spherical 
meniscus, which is close to the pore radius when the amplitude of the capillary 
stresses is at a maximum, i.e. at the critical point when the menisci enters the pore 
(85). As an example, if the pore radius r is 2nm and water is allowed to evaporate, 
which has a high capillary tension of 72mJm-2, the capillary tension exerted on the 
pore structure is about 72MPa. 
 However, this tension is not uniform within the volume of porous materials. 
Gradients of ΔP exist in the direction normal to the drying front and in the drying 
front itself when pores have different radii (85, 86) 
 In addition to capillary tension, another source of stress may be introduced by 
the H-passivated surface. H covered surfaces are known to be mutually attracted by 
van der Waal’s forces, which are therefore expected to contribute to the overall stress 
(87). 
 Cracking is also strongly related with the thickness of the porous layer (88). 
When PSi layer is thinner than its critical thickness (Hc), which mainly depends again 
on porosity and on the surface tension of the drying liquid, it can preserve its cohesion 
to the bulk Si and no cracking is observed (88,89). It was found that the Hc value for a 
p-type sample is far lower than that of a p+-type sample for the same porosity (90).   
 It has also been shown in many studies that a lattice mismatch exists between 
the PSi and its Si substrate and that the lattice parameter in the PSi layer is larger than 
that of underline Si substrate, which leads to a bending of the porous film due to 
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compression. Even though PSi under wet condition or after drying is under 
compression, the stress is tensile during drying (87, 88) 
 These are a few factors identified so far which contribute to the mechanical 
stability of PSi. Several methods, which are described below were found in the 
literature to reduce the extent of cracking of PSi and hence to make it practical to 
obtain crack free PSi with a high porosity. 
 
2.6.1 Super critical drying 
This was first used by Kistler in 1931 to prepare highly porous aero-gels and 
introduced by Canham and co-workers (91) as a successful method to obtain PSi aero-
crystals with porosity of about 95%. The pore liquid (CO2) is compressed and heated 
in an auto-clave beyond its critical point and then converted to a gas through pressure 
reduction at constant temperature. This avoids the crossing of liquid/vapour interface 
and hence capillary stresses are suppressed. Even though this method is the most 
efficient method it is expensive and difficult to implement (86, 91) 
 
2.6.2 Freeze drying 
This is another method which also avoids passing through the liquid/vapour phase 
boundary, in the phase diagram of the solvent. In this method, the fluid inside the 
pores is frozen below the triple point and then sublimed under vacuum and hence 
avoids the interfacial tension (92). This method was successfully implemented in the 
work presented in this thesis. Freeze drying is attractive compared to super critical 
drying because of its simplicity of implementation. No transition of liquids is 
necessary and it results in PSi free of contaminations (86, 93). 
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The main advantages with respect to other drying techniques are its simplicity and 
the compatibility with standard Si technology. The drying chamber can be easily 
integrated with other deposition/annealing apparatus and the sample translation can be 
performed by means of vacuum load lock systems. In principal, freeze drying allows 
for several production stages without any contact with air. This is of great importance 
owing to the extreme reactivity of PSi (94). 
 
2.6.3 Pentane drying   
This is the most widely used method because of its simplicity, cheapness and 
because pentane has no chemical interaction with PSi (89). 
 As described earlier, cracking can be minimized in two ways: by reducing the 
capillary tension or by increasing the critical thickness. Both factors can be satisfied 
by using a solvent with lower surface tension (88). Belmont et al showed that using 
pentane instead of water as a drying media, PSi with less or free of cracks can be 
obtained (90). However, pure ethanol should be used as a transition liquid between 
water and pentane which are immiscible.  
 
2.7 Cell design  
 Several factors are of concern in designing an electrochemical set up for the 
etching of Si in HF. Mainly it could be governed by the size of the sample, 
requirement of illumination and low Ohmic contact resistance, high and uniform 
current density (95). An improper design could result in leaks of dangerous HF, 
corroded contacts and even broken samples. Therefore appropriate cell design is a 
crucial step in PSi formation.  
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 The selection of the cell material is also an important issue, as it needs to be 
resistant to HF. Polyvinylchloride (PVC), polypropylene (PP), polytetrafluoroethylene 
(PTFE) and polyvinyldinefluoride (PVDF) are quite common cell materials (95). In 
this work PTFE was used to make the cell, which is semi-transparent, an essential 
requirement to realize the dissolution reactions as will be discussed in chapter 03.  
 A few common cell configurations are discussed in the following sections.  
 
2.7.1 Lateral anodization cell.  
This is one of the most widely use and simplest electrochemical set-ups for PSi 
formation, sometimes called as an immersion cell (96). In this method, a silicon strip 
working electrode and a Pt mesh/wire counter electrode are partially immersed in the 
electrolyte and electrodes are connected to the outside power source (Fig 2.6). Even 
though this is simple and fast, certain drawbacks exist with this cell. The main 
disadvantage of this configuration is the production of non-uniform porous layer both 
in thickness and in porosity. This is caused by the lateral potential drop due to the 
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2.7.2 Single tank cell  
This set up overcomes most of the draw backs in lateral anodization cell. As 
shown in Fig. 2.7 a metal contact is made to the back side of the wafer and it is sealed 
so that only the front side is exposed to the electrolyte and leakages are reduced by 
means of an O-ring. Thus current flows normal to the wafer and hence minimal 
Ohmic losses are expected. This leads to PSi layer good uniformity and offers a good 
control of both thickness and porosity compared to lateral anodization cell (95, 96). 
The technique works best for p+ and p++ samples, where there is no need to form 











Fig 2.7 Cross-sectional view of single tank cell (98) 
 
2.7.3 Double tank cell  
This design combines the simplicity of the lateral anodization cell with 
homogeneous current distribution of the single tank cell (95, 99, 100). The set up, 
which is as shown in the Fig. 2.8, consists of two half cells in which two Pt electrodes 
are immersed and a Si wafer is used to separate and isolate them. The two halves are 
pressed against each other to fit tightly to make the leakage currents around the Si 
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wafer negligible compared to the current across the wafer (97). When the two Pt 
electrodes are connected to an external power source such that the back side of the 
wafer becomes a secondary cathode, where H2 evolves, while the front side acts as a 
secondary anode, where the PSi is formed. This means if a p-type sample is used the 
back side is under reverse bias, therefore in order to pass a current high enough for 
PSi formation across a moderately doped Si wafer, the back side of the Si has to be 
illuminated (96).  
An advantage of the double tank cell is the replacement of Ohmic back contact by 
an electrolytic contact which produces transparent contact and avoids potential 
sources of contamination (95-97). Hence further processing can be performed with no 
cleaning. However, for the highly resistive Si wafers, extra high dose of implantation 
on back side is required or a high voltage has to be applied (95). 
 In addition to the electrochemical set ups discus above, there are a few more 
designs available for example a rotating disc electrode cell, electrolyte circulating 
cell. The details of which can be found in The Electrochemistry of Silicon by 



















2.8 Surface properties of PSi 
 The size of the Si skeleton in PSi decreases during electrochemical etching, 
hence the fraction of atoms identified as ‘surface atoms’ increases. Therefore the 
properties of PSi largely depend on the characteristics of these surface atoms, i.e. any 
modification of the surface states may affect the band structure and hence the 
properties of PSi. 
 Table 2.1 shows that the number of Si atoms present on the inner surface 
increases by an order of magnitude as the pore size decreases from macro to micro. 
This causes a large density of dangling bonds, so PSi is very reactive towards the 
contact media (Fig 2.9). 
 Infrared (IR) spectroscopy is the perfect tool to investigate the chemical 
composition and reactivity of the PSi as the frequency position of the characteristic 
absorption bands is evidence not only for elements but also their bonding 
configurations. FTIR reveals that ‘as anodized’ PSi is fully covered with H and there 
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Fig 2.10 Expected Chemical Compositions 
 
 A characteristic feature of a H-terminated Si surface is its water repelling 
hydrophobic property. Hydrophobic surfaces are prone to contamination with 
hydrocarbons that may come from the ambient air, but not from CO or CO2 (104) or 
from residual gases in analysis vacuum chambers (105) (Fig 2.10 g).  
 However, this as formed H-terminated PSi exhibits limited stability. Therefore 
significant oxidation can be observed even after a short exposure to ambient air at 
room temperature, without any significant change in number of Si-Hx bonds (106). 
This supports the back bond oxidation phenomena (106,107). This is characterized by 
the appearance of new peaks related to OySiHx in the IR spectra around 2200cm-1 (Fig 
2.10 d). 
 As well hydrophobic H-passivated PSi converts to a heavily hydrocarbon 
contaminated native oxides after prolonged storage in ambient air at room 
temperature (RT) (105) (Fig 2.10 e). This process is known as ‘ageing’ and was first 
noted by Beckmann in 1965 (108). Oxidation introduces surface states (109) and 
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modifies the crystalline size, both of which alter the electrical and optical properties 
of PSi (109,110).  
 PSi is also known to be sensitive to moisture (111). If H terminated Si surface 
is exposed to de-ionized (DI) water of moderate or high dissolved O2 concentration at 
RT for several minutes, Si-H is slowly replace by silanol groups (Si-OH) (Fig 2.10 f) 
and a native oxide is formed with long rinsing times. The presence of a high density 
of silanol groups on the surface again leads to a hydrophilic surface, which is evident 
by low contact angle measurements (112).  
 
2.9 Functionalization of porous silicon 
One of the major problems preventing of applications of PSi from 
commercialization is the instability of the native surface. Thus surface chemistry has 
come into play as a crucial element for the technological success of this material. 
Surface modification not only provides a stable surface but also modifiable surface 
characteristics, thus allowing the potential to interface with organic conductors/ semi-
conductors/ LEDs and biologically relevant molecules for sensing, photonics etc.   
A PSi surface has two chemical handles through which functionalization can 
be carried out, the Si-Hx and Si-Si bonds because these are much weaker than the Si-C 
and Si-O bonds formed after functionalization (Table 2.3).  
 
Table 2.3 Dissociation energies for single bonds 
Single bond dissociation energy (kJ/mol) Element 
  x 
 
Bond        
C Si H O F Cl Br I 
C-X 292-360 370 416 336 485 327 285 213 
Si-X 370 210-250 323 368 582 391 310 234 
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 Two general approaches to functionalization can be found in the literature. 
The first involves oxidation of PSi surface and subsequent reactions with alkoxy  or 
chlorosilanes that provide new Si-O-Si linkages, while the second utilizes the native 
H terminated PSi surface ( Si-H or Si-Si bonds ) as chemical handles through which 
stable Si-C bonds are formed. Formation of Si-C bonds on PSi surfaces has been 
thoroughly investigated because it is thermodynamically and kinetically more stable 
than Si-O bonds (113,114); because of its low polarization and comparatively high 
bond strength (Table 2.3).  These two approaches will be described in detail in the 
Sections 2.9.2 and 2.9.3. 
 Most of the initial attempts at protecting PSi from further ageing involved 
controlled oxidation by slow ageing in the dark (115), by anodizing in a non-HF 
electrolyte (116,117), by chemical means (118-120) or by thermally (121,122). 
Nitridation of PSi in N2 or in NH3 followed by rapid thermal annealing was also 
claimed as a good alternative to oxidation to obtain ‘aged resistive’ PSi (13,124). 
 Later research interests diverted to find out the alternative possibilities to 
oxidation or nitridation to obtain stable PSi for applications such as sensors and bio-
technology exist where oxides and nitrides are inappropriate and different classes of 
thin films are valuable (125,126).   
 
2.9.1 Surface hydroxylation 
 Silanization with alkoxysilanes, requires an OH rich surface, these can be 
produced by a range of traditional as well as new methods (127-130,131-133).  
 Traditional methods include ozone treatment (127), exposing to air/moist air 
(128,129), sulfochromic treatment (130), piranha (mixture of H2SO4 and H2O2) 
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treatment (134), contact with diluted acids or boiling with diluted acids (130) and re-
hydration in water at high temperature (130). In addition, piranha treatment followed 
by oxygen plasma (135) or UV ozone radiation (136) has been successfully used. 
However, surface oxidation was identified as the main problem associated with these 
traditional methods. 
 To avoid heavy oxidation during hydroxylation, in-situ silanization was 
recently proposed (131-133,137,138). Here a trace amount of amine present in the 
solution catalyzes the hydrolysis of the Si-H groups on the PSi surface. It has been 
demonstrated that amine provides the alkalinity for hydrolysis of Si-Hx groups, 
forming intermediate Si-(OH)x groups which subsequently undergo the silanization. 
 
H2O   +   R2R/N          OH-   +   R2R/NH+     [2.5] 
Si-H   +   OH-   +    R2R/NH+                 Si-OH   +   R2R/N   +   H2O  [2.6] 
 
Therefore no pre-treatment is required for silanization. However, the process is not as 
simple to perform as the traditional ex-situ method (131-133,137,138).   
 Piranha treatment was used in this work to produce OH rich surface due to its 
simplicity and reproducibility. However, precautions must be taken to avoid any 
health and environmental impacts with the piranha solution. 
 
2.9.2 Modification through Si-O bonds 
 Just after the discovery of photo luminescent PSi in 1990 thermal, chemical 
and electrochemical oxidations were used to protect the PSi from ageing. Later, a 
variety of chemical modifications were demonstrated for the preparation of organic 
monolayer covalently attached through Si-O-C bonds to the PSi surface. Most of 
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these were fabricated by photoelectrochemical reactions with carboxylic acids (139-
141) or electrochemical and thermal reactions with alcohols (142,143) and freshly 
prepared PSi surfaces.  
 A few attempts can be found in literature to attach (aminoalkyl)alkoxysilanes 
(AAS) onto the PSi surface via Si-O-Si bonds. This will be discussed in detail as it 
was applied in the work presented in this thesis.  
 AAS are attractive because of their bi-functional nature and possibility of use 
in many applications and hence have been heavily investigated. They are widely used 
to improve the mechanical performance of composite materials such as fibre on glass 
reinforced plastics (144,145). Since 1990 the immobilization of bio-active molecules 
such as enzymes, antibodies, DNA onto different substrates such as silica, TiO2 films, 
magnetite particles, si wafers and PSi  have been reported in the literature either 
directly or via cross-linking agents (146-149,135). AAS were also used to extract 
heavy metals cations such as zinc and cobalt which have health and ecological 
impacts (150), as well as to remove organic pollutants such as dyes and oxyanions 
(151), from drinking water supplies (151). In addition amine rich surfaces provide 
good templates for bio-mineralization. Part of the present work aimed at investigating 
the possibility of using an NH2 rich PSi surface as a chemical/bio-chemical sensor.  
 For a sensor, it is important to have a sufficiently high content of primary 
amines available on the surface as these will serve as the platform to interact with 
other molecules. In the idealized situation the alkoxy moiety of AAS reacts with the 
surface hydroxyl groups on the oxidized PSi so that it is covalently bond to the 
substrate surface through Si-O-Si linkage, and the amino functionality extends out 
from the surface (152)  in such a case the grafting would occur via following steps: 
(153) 
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Step 1 – Hydrolysis 
NH2-(CH2)n-Si(OR’)3   +   H2O                    NH2-(CH2)n-Si-(OH)3   +  3 R’-OH  [2.7] 
However, the grafting step competes with an unwanted polymerization process; 
 
Step 2 – Oligomerization or polymerization 
NH2-(CH2)n-Si-OH + OH-Si-(CH2)n-NH2                    NH2-(CH2)n-Si-O- Si-(CH2)n-NH2 
        + H2O     [2.8] 
Step 3 – Grafting 
 
          -Si-OH  +  OH-Si-(CH2)n-NH2                                - Si-O- Si-(CH2)n-NH2 [2.9]  
 
 
In reality step 3 oversimplifies the grafting process as several different possible 
structures can form on the substrate surface due to hydrogen bonding between the 
surface OH groups and AAS NH2 groups as illustrated Fig.2.11 (Scheme 1 and 2). 
Adsorbed amine groups can be H-bonded or protonated and polymerized products can 
also be attached to the surface in addition to the monomers. Further complications 
arise because the amine functionality competes with alkoxy moieties for the surface 
sites (154) 
 






























Fig 2.11 Possible structures for grafted AAS (152) 
 
 This causes a lack of reproducibility in the AAS grafted process and this is its 
major drawback. Reaction temperature, nature of amino silanes (mono, di or tri 
alkoxy) (153), silane concentration (147), incubation time (147,152), type of solvents 
and catalysts (131-133), post curing (147) and in particular the amount of adsorbed 
water, all affect the final structure of the adsorbed AAS layer (147,152,155). It has 
been reported that as the spacer arm (i.e. the number of CH2 groups in the AAS 
backbone) becomes longer the aminosilane population on the surface decreases, 
although the silane coupling agent coverage on the surface still remains close to a 
monolayer (146). 
 Even though water is essential for the 1st step, it needs proper control not only 
to obtain a uniform monolayer but also to avoid a lack of reproducibility which arises 
from the competition between formation of chemisorbed and polymerized products 
(152).  McGovern et al (155) concluded that less water content leads to incomplete 
monolayer formation, while overdoses of water result in polymerization in the bulk 
solvent phase (155). Sensitivity to water is enhanced for aminopropylalkoxysilanes 






























































polymerized products (156), which affect the amount of free amine present on the 
surface.  
 The effect of the nature/polarity of the solvent on silanization was investigated 
in detail by Thompson et al, using glass as a substrate and chlorosilane as a 
silanization agent (155). Aromatics, aliphatic, chlorinated solvents and cyclic ether 
were used for the investigation. The authors found that there was no significant 
difference with respect to the surface coverage between open chains and cyclic 
hydrocarbons carrying the same number of C atoms and suggested that this may be 
due to same polarity and the same capacity to extract surface water. However, 
solvents with a high capacity for dissolving water, such as 1, 4 dioxane, gave poor 
results, as they over-solubilize the silanization agents preventing grafting onto the 
substrate. On the other hand, solvents with very low capacities for dissolving water 
(e.g. pentane) cannot supply enough moisture for hydrolysis of silane and hence low 
coverage of the surface results. The best quality monolayers obtained to date, used 
toluene or benzene as the solvent, because these provide optimum quantity of water 
for hydrolysis (155). Although, undesirable polymerization cannot be eliminated even 
by choosing the best non-aqueous solvents (154), that can  be successfully achieved 
by gas phase reaction at high temperature (300 0C) (157,158).  
The structure of the AAS affects the structure of grafted molecules onto the 
substrate surface. Therefore it is important to discuss how the structure of AAS varies 
under different conditions. In this sense, the solution pH, drying temperature and 
drying environment are important factors. These were thoroughly investigated by 
Culler et. al. using APS (Aminopropyltriethoxysilane) (159,160). The amine 
functionality in APS readily reacts with the CO2 in air and forms the amine 


















concentration). The FTIR bands associated with this salt are at 1630, 1332, 1570 and 
1488cm-1. More intense bands were observed when the APS treated samples were 
dried in dry ice (CO2 rich environment). On heating to temperatures above 80 0C the 
APS treated substrate was observed to evolve CO2, leaving the free amine on the 
surface instead of the bicarbonate salt. The effect of CO2 on NH2 was confirmed by 
repeating APS grafting under a N2 atmosphere, this time only very weak bands at 
1630, 1332, 1570 and 1488cm-1 were seen on the FTIR spectrum. Furthermore the 
FTIR data indicated that about half of the amines in air dried APS were protonated 
and the rest were free or weakly H-bonded.  
 Culler et al also reported that the structure of the APS also depends on the pH 
of the APS aqueous grafting solution.  At low pH, it was observed that the effect of 
CO2 is almost negligible. The reason is CO2 forms carbonic acid in an acidic solution 
which is not strong enough to compete with the strong acid added to the solution to 
adjust pH. Hence the structure obtained bellow ~ pH 2 is: 
 
                       
       
 
 
However between pH 7 and pH 10.8 (natural pH), the interaction of CO2 on APS is 
prominent. So the structure depends both on the temperature and drying environment. 
 
Air dried (pH=10.8) at room temperature 
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Heated (pH-10.8) > 80 0C 
                               
                     (1591cm-1) 
                    
 
 
At higher pH, ~ pH 12, a free amine APS structure can be identified by FTIR. 
 
      (1595cm-1) 
      
       
 
 
Therefore γ Aminopropyltriethoxysilane (γAPS) can be in the form of NH3+Cl- , 
NH3+(HCO3)- , free NH2 and the H-bonded NH2 depending on the pH of the solution 
(159-162). 
 The influence of the CO2 on the formation of amine bicarbonate is also 
noticed between pH 6- 12. The amount of bicarbonate salt shows a maximum at its 
natural pH. However, the bicarbonate salt structure can be formed during the drying 
process as well. So in summary it is adequate to say that at low pH values APS is in 
the form of protonated amine and at its natural pH, two structures are possible: H- 
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2.9.3 Functionalization through Si-C bonds 
2.9.3.1 Carbanion attack 
It is well known in molecular silane chemistry that carbanions from 
alkyllithium/ Grignard reagents can cleave the Si-Si bonds to form Si-C bonds, as 
shown in the Reaction [2.10]. 
E.g.:  
   
 
 




The use of these same nucleophiles on a Si surface was first investigated under 
electrochemical conditions (163). The native Si-H passivated PSi surface with methyl 
Grignard or methyllithium organometalic produced stable surfaces, forming Si-CH3 
groups with either MgHX or LiH as byproducts, when anodically bias (164). The 
addition of organolithium (alkyl/aryl) (165) and Grignard reagents (166) was 
subsequently investigated without a potential bias, with the reaction being found to 
proceed by addition of reagent across the surface Si-Si bond resulting in a Si-
aryl/alkyl bond and silyl anion (Fig 2.12) 
 












































(highly activate surface apecies)
Mixed chlorides [R'C(O)Cl]
Mixed functionalized surface
The resulting reactive surface species are prone to be hydrolyzed by water, which 
produces a significantly oxidized surface (Fig 2.13). Therefore attempts were made to 
minimize the oxidation via further reacting the surface with electrophiles (EX) such as 
acyl chlorides (165). This route offers the possibility of making a mixed 












Fig 2.13 Proposed mechanisms for addition of organolithium/Grignard reagents 
 
2.9.3.2 Hydrosilylation 
2.9.3.2.1 Thermal hydrosilylation  
Hydrosilylation by alkenes and alkynes at high temperature is known as 
thermal Hydrosilylation. This method was initially carried out on flat Si surfaces with 
both functionalized and non-functionalized alkenes and alkynes (167). It was claimed 
that a highly ordered monolayer can be obtained with non-functionalized alkenes 


















































 Later thermally induced hydrosilylation of alkenes and alkynes was applied to 
Si-H terminated PSi surfaces (168,169). In early studies by Horrocks et al it was 
reported that refluxing PSi for 18 to 20 hrs at 110-180 0C in aliphatic alkenes or 
alkynes produces an alkyl covered PSi surface (168). These authors also demonstrated 
hydrosilylation of vinyl ferrocene on PSi and investigated the electronic properties of 
these functionalized PSi layers (168,170). Recently the possibility of thermal 
hydrosilylation in the gas phase was also demonstrated (171). 
The reaction mechanism of thermal hydrosilylation of PSi is still under debate; 
nevertheless the following describes some of the important schemes. The first 
proposed mechanism is a surface radical chain reaction and is very similar to the 
mechanism proposed for the addition of alkenes to flat Si (111) – H surfaces as shown 
in Fig 2.14 (172). However, it is unlikely that there are any dangling bonds on the 
surface that could initiate the radical chain reaction because silyl radicals are highly 
reactive so cannot be expected to survive the rinsing, drying and transferring 







Fig 2.14 Mechanism of the surface radical chain reaction proposed 
 by Boukerroub et.al (173). 
 
The second proposed mechanism involves fluoride catalyzed initiation and is 
illustrated in Fig.2.15 (173). Nucleophilic attack of the F- ions remaining on the 

























































































double bond to give the carbanion. This carbanion then attacks the polarized Si 
centres releasing F- and forming Si-C bonds. However, there is no direct evidence for 






Fig 2.15 Fluoride catalyzed initiation (173) 
  
The third proposed mechanism, which is also the most likely one, is very 
similar to the second one except the π electron rich double bond in the alkene is 
responsible for the pentavalent Si centre. The remaining steps are the same as in the 






Fig 2.16 Initiation by electron rich double bond attack 
  
In addition to these three mechanisms, Horrock et al have proposed that the 
major initiation step involves abstraction of H atoms from the surface by trace oxygen 
present in the reagents used for functionalization in a similar manner as in the 































chain process (174). This mechanism was proposed based on evidence from highly 
deuterated PSi using FTIR spectroscopy.  
It is interesting to note that the nano-scale structure of PSi skeleton is not 
affected by the high temperatures or extended reaction times required for thermal 
hydrosilylation. In addition this method provides the surface which is chemically 
robust under chemically demanding conditions (173). However, a major limitation of 
this approach is the large excess of alkene/alkyne required (175), some of which are 
expensive or not commercially available. 
 
2.9.3.2.2 Photochemical hydrosilylation 
 It is well known in flat Si surface chemistry that UV irradiation can induce 
hydrosilylation of unsaturated compounds. It was proposed that UV induced 
hydrosilylation involves homolysis of surface Si- H bonds. The newly produced Si 
dangling bonds are very reactive towards the unsaturated C-C bonds as illustrated in 





Fig 2.17 Photo-initiated free radical mechanism 
 
The terminally unsaturated HC forms a secondary C radical with a Si radical which 
abstracts a neighbouring H to complete the reaction (176). Based on the bond strength 






































































 In contrast to the UV irradiation, low energy white light induced 
hydrosilylation was only recently introduced. Sailor and co-workers (177,178) 
introduced a new method of derivertization using white light, the so called photo-
electrolysis on PSi as well as on flat Si surface. The H-terminated surface of PSi or 
single crystalline n-type Si is activated towards the photochemical reaction by 
applying a positive potential across n-type Si in an electrochemical cell. This provides 
bending of valence and conduction bands such that holes can migrate to the surface 
when excited with white light. Therefore the surface can be attacked by nucleophiles 





Fig 2.18 Band bending and photo generated hole migration in n-type Si under 












Fig 2.19  Proposed photoesterification reaction mechanism (177,178) 
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Sailor et.al. suggested that the mechanism involves both the cleavage of surface Si-Si 
bonds to produce Si-OOCR species as well as a Si radical, which then abstracts a H˙ 
from solution (177). The rate of the reaction is very sensitive to light intensity up to 3 
mW cm-2, but above this level it is almost independent of light intensity because the 
rate becomes limited by diffusion of reactants in the solution (177). In addition it 
yields a reactive surface (ester surface) that provides a route to further modify the 
surface with a variety of chemical reagents that would otherwise be impossible (177). 
Examples of surfaces produced through this method include formic, acetic and 
trifluoroacetic ester derivatized surfaces (177,178). 
As the reaction is sensitive to light intensity it provides an opportunity to 
photo-pattern by illuminating the surface through a mask. In contrast to white light 
induced hydrosilylation (will be described in Section 2.9.3.2.2) and electro beam 
irradiation method (will be described in Section 2.9.3.5), photo-electrolysis is 
however, confined to n-type Si. 
 In addition to the photo-electrolysis, exciton mediated hydrosilylation is 
another attractive method comes under this category. This novel hydrosilylation 
reaction has no close relatives in traditional molecular silane chemistry nor flat Si 
surface chemistry. 
 In contrast to the Si-H homolysis seen with UV irradiation, relatively low 
energy white light induces the hydrosilylation. The process functions purely as a 
result of the nano structures in PSi (179). It is now the general consensus in the 
literature that visible light emission from PSi is due to quantum confinement in the 
nano-crystalline structures (180). Absorption of an incoming photon in such structures 
produces a relatively long lived exciton, which recombines radiatively and emits a 


















































exciton mediates the formation of localized electrophilic surface states which are 









Fig 2.20 Proposed mechanism for the exciton-mediated hydrosilylation 
 
Therefore the reaction requires PSi to be photoluminescent, but does not depend upon 
morphology or doping as long as red light emission can be observed under UV 
irradiation (182).  
 In comparison to the UV irradiation on H-terminated flat Si surface, white 
light irradiation needs a shorter time period (20-24 hrs with longer wavelengths (3 – 5 
mW/cm2) and 1-2 hrs with shorter wavelengths (about 9 mW/cm2) in UV irradiation 
and about 30 min in white light with intensity about 0.22-44 mW/cm2 induced method 
(176,181,183-185). 
 The prime advantage of this method is the possibility for photo patterning and 
lithiographic fabrication of isolated PSi structures. However, the reagents used for 
hydrosilylation should not quench the light emission from PSi; otherwise this reaction 
is unlikely to be realized.  Even under preserved light emission conditions, this gives 
lower efficiency of functionalization reaction compared to that of Lewis acid 
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mediated reaction, mainly due to the opacity of the PSi, which prevents white light 
from reaching into the depth of the pores (182). 
 An advantage of the photo approach is that there are no chemical hazards, 
unlike the highly active organometalic reagents, required in some other methods, nor 
is any heating required, giving a minimal thermal budget compared to conventional 
methods (181).  
 
2.9.3.2.3 Metal mediated hydrosilylation 
a) Late transition metals 
 It is well known that Pt complexes and colloids are extremely effective 
catalysts for the hydrosilylation of alkenes with soluble molecular silanes (186). This 
has also been observed on flat Si (100) surface, however, the Pt also catalyses the 
oxidation reaction so this has to be minimize for PSi by reducing the traces of water 





























Fig. 2.21 shows some of the metal catalysts tested on PSi, all of these are known to be 
highly effective in solution phase hydrosilylation (186,189,190). Among these 
catalysts Wilkinson’s catalyst was successful in inducing hydrosilylation. However, 
bis-silylation of alkynes in the presence of palladium catalyst on PSi was unsuccessful 
and thermal hydrosilylation was observed instead (189). In addition, surface 
oxidation, which is a consistent problem with late transition metal complexes together 
with photoluminescence quenching, limit the successfulness of this approach (189).  
 
b) Lewis acids 
 In comparison with late transition metal mediated hydrosilylation, Lewis acid 
mediated functionalization is attractive because of the mild reaction conditions 
involved (eg: no heating) (191,188) and the high selectivity and specificity of the 
corresponding solution phase reaction (189,192-194). Buriak and Allen successfully 
modified PSi through this method with alkynes and alkenes, obtaining surface bound 













































Fig 2.22 Hydrosilylation on the native H-terminated PSi surface
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This route also provides the opportunity to obtain a PSi surface terminated with a 
wide range of functional groups including ester, hydroxyl and cyano groups at room 
temp. However, obtaining PSi with different functionalities requires excess of EtAlCl2 
(192).  
It has also been reported that with PSi both hydrosilylation and polymerization 
reactions occur in the presence of Lewis acids with di-alkynes and di-alkenes (189). 
This finding is also very attractive because polymer coatings formed on the surface 
and within the pores could help to improve mechanical stability (189). 
 Among all the advantages of Lewis acids as compared to late transition metals 
mediated functionalization, the most important one is that the former provides a very 
stable surface under highly demanding chemical conditions (194) and it results in a 
very low degree of oxidation (195). Factors which favour this include; 
i. The reaction is carried out at ambient temperature. 
ii. No solvent is required which reduces the likelihood of introducing trace 
water and oxygen, EtAlCl2 reacts rapidly with trace water to form 
insoluble Al species (195) 
 
2.9.3.3 Microwave assisted functionalization 
 This technique is new to PSi functionalization (196) and has not yet been 
thoroughly investigated according to the author’s knowledge. However, this technique 
seems to have a co-relation to the conventional thermal hydrosilylation. Instead of 
electrical heater or heated oil bath used in traditional methods, microwave irradiation 
is utilized as an energy source to realize the reaction.  
 The specific absorption of microwave energy by Si due to its intrinsic nature 
leads to confine heating in the near surface of material. However, to optimize the 
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reaction parameters, it is necessary to monitor the thermal behaviour of the reactants. 
It is found that polarity of the system greatly affects the thermal behaviour. Therefore 
the thermal behaviour of a reactant at the PSi surface shows different behaviour under 
microwave irradiation than a normal heating, it being found that the microwaves 
absorbed dominantly at the interface leading to a better surface coverage. 
Microwaving also provides net acceleration and remarkable rate enhancement of the 
hydrosilylation reaction. Therefore this appears to be a good alternative approach in 
terms of reduction of reaction time, conversion enhancement and specificity (197) 
However, there have also been cases of the microwaves causing fires and minor 
explosions. 
 
2.9.3.4 Electrochemical grafting 
 Electrochemistry has also been used to produce close-packed organic 
monolayers on flat Si and PSi both with H-terminated (197-199). Sailor and co-
workers have reported a highly efficient in-situ electrochemical functionalization of n-
and p-type PSi by reductive electrolysis of commercially available and structurally 
diverse alkyl iodides and bromides (198). Interestingly this method provides high 
surface coverage at very short reaction time (60-90 sec). However, the reaction time 
needs to be properly managed as longer times lead to a high degree of oxidation. It is 
possible to obtain surfaces with different functional groups, allowing further surface 
modification (e.g.: tert-butyl esters) (198). However, the residual iodo species which 
remains on the surface after rinsing seems to be responsible for the complete 
quenching of photoluminescence.  
 The proposed mechanism involves reduction of the alkyl halides to an alkyl 
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At this point, there are three possibilities that could happen:  
 







ii) reduction of the Si radical to a silyl anion that then reacts in a nucleophilic 




iii) in-situ reduction of the alkyl radical to give a carbanion that can attack the 
weak Si-Si bonds in similar fashion to Grignard or alkyllithium reagents. 
[2.15] 
 
         
[2.16] 
 
R - X + e R + [X] 









 Si Si  
  
H





 Si Si  
  
H
+ e  Si Si  
  
H







R + e R












Another interesting attempt to functionalize PSi with terminal alkynes by 
electrochemical grafting produces two distinct derivatization depending on the 
polarity of the surface bias. That is to say cathodic electro grafting (CEG) directly 
attaches alkynes to the PSi surface whereas anodic electro grafting (AEG) yields an 











Fig 2.23 Proposed mechanism for the AEG of alkyne to PSi 
 
Even though the proposed mechanism for CEG of alkyne is similar to that of 
alkyl halide proposed by Sailor, AEG of alkyne may be the result of a cationic 
hydrosilylation mechanism, which is known for molecular silanes and alkynes under 
similar electrochemical conditions as show in Fig 2.23. (199-202) 
 
2.9.3.5 Functionalization by electron beam irradiation 
 This is yet another new approach used in the functionalization of PSi. Surface 



































surface with dangling bonds. Such reactivity opens up the possibility of 
functionalization of the irradiated PSi with several different organic molecules (eg. 1-
decene, propylene) (203,204).  
  The mechanism behind the functionalization is simple. It is well 
known that electron deficient dangling bonds are extremely reactive towards olefins 
leading to formation of Si-C bonds. The same phenomena can be applied here 
(203,204).  
 Similar to the white light induced method, the use of electron beam allows the 
patterning of surface but at higher resolution (nm range) using a SEM equipped with a 
pattern generator. However, in contrast to white light induced method where the 
efficiency of the reaction depends on the shadow effect, high efficiency can be 
achieved by electron beam irradiation induced method if the reaction is carried out in 
the SEM itself.   
The other advantages are modification reaction is carried out at room 
temperature which avoids any material damage, with no catalysts and the reaction 
time is considerably short (about 3 min). Moreover reagents in the gas and liquid 
phase can be employed (203).  
 However, highly reactive PSi surface after irradiation leads to rapid oxidation 
on exposure to ambient air. Nevertheless, this can be minimized by modifying the 
sample in the SEM itself (inside the specimen loading chamber) using gaseous 
reagents or by rapid transferring of the irradiated sample into liquid reagents 
(203,204).  
 Electron beam induced H desorption depends on the electron energy, the PSi 
layer thickness and the exposure dose. So that it is possible to control the degree of 
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functionalization by changing the beam energy and it has been demonstrated that 
different degrees of functionalization can be achieved on the same sample (203). 
 
2.10 Bio-conjugation 
 There is a growing demand for the adsorption of bio-molecules onto the 
surface of foreign material because it is the initial event for diverse applications in 
biomedical and newly developed bio-materials fields, catalysts, sensors and molecular 
electronic devices. Hence it is very important to design well-characterized linker 
systems that can immobilize bio-molecule efficiently.  
Immobilization of bio-molecules onto a solid surface can be achieved by 
means of the bio-conjugation techniques. Bio-conjugation is the process of linking 
two or more molecules which include at least one bio-molecule, covalently bonded to 
form a new complex, having the combined properties of its individual components.  
 There are four main categories of bio-conjugate reagents found in the 
literature. They are: 
a.) Zero length cross linkers 
b.) homo-bi-functional cross linkers  
c.) hetero-bi-functional cross linkers  
d.) tri functional reagents (New) (205) 
 
a.)  Zero length cross linkers 
These are the smallest reagents for bio-conjugations, which are capable of 
linking two molecules by forming a covalent bond, without introducing any 
additional/foreign atoms. Therefore, zero-length cross linkers are useful in some 
applications where introduction of intervening cross linkers would not be favourable. 
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It is possible to find many zero-length cross linkers in the literature. Among them, 
carbodiimides such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), 1-cyclhexyl-3-(2-morpholinoethyl) carbodiimide (CNC), 
dicyclohexyl  carbodiimide (DCC) and N, N’ Carbonyldiimidazole (CDI) are popular 
in bio-conjugation (205). 
 
b.) Homo-bi-functional cross-linkers 
These consist of bi-reactive compounds containing the same functional group 
at both ends. The main disadvantage of this type of reagents is it forms poorly defined 
conjugates (205). 
 
c.) Hetero-bi-functional cross-linkers 
These contain two different reactive groups at the end of molecules. Those in 
turn can couple two different functional reagents (205). 
 
d.) Tri-functional reagents  
Tri-functional cross-linkers possess three different reactive groups per 
molecule. This approach has the features of hetero-bi-functional cross-linkers  and in 
addition it has a third arm terminating in still another group able to link a third 
chemical or biological target (205) 
 
2.10.1 Activation of PSi modified with undecylenic alcohol 
 To activate the terminal OH groups on PSi that has been modified with 10-
undecene-1-ol for bio conjugation, N, N’ Carbonyldiimidazole (CDI); one of the 
common zero length cross linkers was selected because; 
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a. both the reagents and the reaction by-products (CO2 and imidazole) are non-
toxic (206,207) 
b. it can activate either COOH or OH groups for conjugations (205) 
c. it is a non-intervening linker (205) 
d. it requires only mild reaction conditions (207) 
e. it is readily commercial available. 
The only disadvantage of using CDI is its instability in aqueous solutions. Therefore 
the activation step must be conducted in a non-aqueous environment. It has been 
found that organic solvents such as acetone, dioxane, DMSO (Dimethysulfoxide), 
THF (tetrahydrofuran) and DMF with less than 0.1% water are suitable for this 
purpose (205-209). 
 
2.10.1.1 Reactions of CDI 
 
a). with carboxylic acid (206,207,209,210) 
 
           
          [2.17] 
 
b). with hydroxyls (208) 
 
 
































2.10.1.2 Stability of CDI, active intermediates and coupling in aqueous 
solutions 
 CDI hydrolyses rapidly in aqueous solutions to CO2 and imidazole (Equation 
2.19) 
           
[2.19] 
 
Although, the active intermediates are more stable than CDI in aqueous media, these 
still undergo hydrolysis and slowly lose reactivity. However, acyl imidazole 
hydrolyses faster than the imidazole carbamate and both experienced increasing 
hydrolysis with increasing pH (205).  
 Imidazole carbamate required 30 hrs for complete hydrolysis at pH 8.5 and it 
liberates carbonate and imidazole from the active group leaving behind the original 




When pH increases to 10, the total time required to complete hydrolysis drops down 
to 10 hrs (211) and above a pH of 11, active intermediates become unstable and 
hydrolyse very fast, leaving a much more lower coupling yield. However, Hearn et.al. 
obtained good coupling yields in the range of a pH of 8-10, provided that the buffer 
capacity was sufficiently high enough to prevent any significant pH changes 
(211,212). In addition, high concentrated buffers are required when a large amount of 
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 Hearn et.al. also confirmed that N-alkyl-carbamate linkages formed between 
NH2 of amino acids/ proteins and the active intermediate exhibit a good stability over 
the pH range used in affinity chromatography (i.e. pH 3-11) (212). Figure 2.24 shows 












Fig 2.24 Rate of solvolytic detachment for glycine immobilised onto CDI activated 
sepharose –CL-6B as a function of pH and incubation time at 4 0C,  
adapted from reference (212) 
 
2.10.2 Selection of bio-molecules 
 Even though one of the objectives in the present work is to immobilize a 
protein (as a bio-receptor) onto the PSi surface to find out the capability of using it as 
a bio-sensor, the work started with glycine because; 
a. it is the simplest amino acid, so its functionalities are not obscured by the 
lateral substitutes.  
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b. it is easier to understand its adsorption phenomena onto the PSi surface prior 
to exploring the same with a more complicated bio-molecule (e.g. BSA-
Bovine Serum Albumin).  
In general, an important property of amino acid is that, it has two active functional 
groups (NH2 and COOH) one at each end, which are involved in bonding to the solid 
substrate.  
 The chemical form of the amino acid varies with its physical state. It appears 
in zwitterionic form (NH3+-CHR-COO -) in the solid state and depending on the pH, 
the chemical form of amino acids in solution varies from cationic through zwitterionic 
to anionic. (213) 
 
If pH > PI* (213) 
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   [2.22] 
         (Cationic) 
As bio-conjugation coupling needs the primary amine, it should be carried out at a pH 













*Isoelectric point (PI) is the pH at which molecule or surface carries no net electric charge. PI of 
glycine is about 5.97 while pK1 and pK2 values are 2.3 and 9.6 respectively (212). 
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                            Fig 3.1 Flow chart outlining the experimental procedures 
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3.2 Formation of PSi 
 There are two different methods to form PSi namely electrochemical 
anodization and stain etching. Electrochemical anodization can be carried out by  
applying either an anodic current or a positive potential. Anodization of crystalline Si 
under constant current in aqueous or in organic solutions of HF is the most common 
preparative method because constant current allows better control of both porosity 
and thickness and yields good reproducibility from run to run. Therefore in this work 
used electrochemical anodization under at a constant current density was used.  
 However, as well as the magnitude of the etching current density, the 
morphology of the PSi also depends on the several factors, such as: crystal 
orientation; type and doping level; and etching solution composition (HF 
concentration, pH, presence of organics).   
 
3.1.1 Sample preparation and cell arrangement 
In the present work p-type (B doped), (100) oriented single crystalline Si 
wafers with resistivities varying from 0.01 to 30 Ωcm purchased from either Silicon 
Quest International Incorporated or University Wafers were used. The wafers were 
cut into 2 x 2 cm2 pieces. The sample was then placed in a double tank cell (Fig. 3.2) 
in which the back contact is made electrolytically, this minimizes the risk of metallic 
contamination in subsequent processing that can occur in other etching 
configurations, (e.g. use of GaIn eutectic solution to make back Ohmic contacts). In 
addition the double tank method provides PSi with better in depth and lateral 
homogeneity, than either a single tank cell or a lateral anodization cell designs which 


























Fig 3.2 Schematic for etching using a double tank cell arrangement 
 
3.1.1.1 Formation of meso PSi (2nm < pore width < 50nm) 
A double-tank cell consists of two half cells as shown in Fig 3.2. Each half-
cell was filled with a solution of 49%HF, absolute ethanol (EtOH) and deionised (DI) 
water in the ratio of 1:2:1 (v:v:v). Purely aqueous HF solutions result in interface 
roughness and thickness inhomogenety due to poor infiltration into the pores and H2 
bubbles adhering to the surface (1). The addition of EtOH lowers the viscosity of the 
solution, thereby enhancing the H2 bubble elimination and facilitating the penetration 
of electrolyte into the pores due to capillary phenomena, both of which enhances the 
lateral and in-depth homogeneity. 
The Si wafer (10 Ωcm) is placed in the centre of the double cell in such way 
that the solution in the two half cells are completely separated and isolated. i.e. all the 
applied current has to pass through the Si wafer. Two Pt electrodes are immersed 
either side of the Si and connected to an external galvanostat in such a manner that 
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polished side of the wafer became a secondary anode where the PSi is to form. The 
unpolished side (back side) of the wafer faces the primary Pt anode and so acts as a 
secondary cathode where proton reduction takes place leading to H2 evolution. 
However, as the back side of the wafer is under reverse bias (because p-type Si is 
used) it does not contain enough electrons for proton reduction. As this could control 
the total current flow through the Si wafer and hence limit the formation of PSi, 
sufficient electrons must be supplied by other means. This was accomplished by 
illuminating the back side with a 200 W halogen lamp placed in close proximity 
(about 15 cm away).  
To form meso pores the Si was etched with a 90 mA DC current (22mA/cm2 
current density) for 20 min. Upon completion, the sample was rinsed thoroughly with 
EtOH, to remove the HF solution inside the pores, followed by deionized (DI) water 
respectively. The presence of luminescent nanocrystallites was checked under a 4 W 
UV lamp. PSi samples showed greenish yellow under wet condition, this changed to 
yellowish-orange after drying.  
Porosity of the meso PSi was then determined by weight measurement. A 1 
cm2 piece of single crystalline wafer was first weighed (m1 ). From this weight of the 
same size piece of PSi (m2  ) was subtracted. The PSi sample was then dipped in 1M 
KOH solution for 10 min to remove the PSi layer and its weight after drying recorded 





       [3.1] 




3.1.1.2 Formation of macro PSi (pore > 50nm) 
The macro-pore PSi formation process was very similar to the procedure 
described under meso-pore formation in Section 3.1.1.1, except more resistant wafers 
(10-20 Ωcm); a different electrolyte and a higher current density were used. An 
organic electrolyte was used in the front half of the double tank cell, i.e. the side 
forming the PSi, which consisted of 4% HF by weight in dimethylformamide (DMF). 
It has previously been reported that macro pores made with p-type Si in organic 
electrolytes tend to become more perfect if the oxidizing power of the organic solvent 
is not too small (2). A higher etching current of 160 mA (40 mA cm-2) was used for 
macro pore formation and this was applied for 120 min.  Note that macro PSi does not 
show room temperature photoluminescence.  
 
3.3 Drying of PSi  
3.3.1 Meso PSi  
 One of the major problems preventing application of meso PSi is its 
mechanical instability during drying. Many methods have been investigated to obtain 
crack free continuous PSi layer with high porosity. In the present work the following 
techniques were used. 
   
a) Drying in EtOH : After washing the sample with EtOH and DI water it was placed 
in a small bath of EtOH and was left to dry for few hours. Observations under Phillip 




b) Pentane drying: To reduce the capillary stress exerted onto the porous structure, 
which is known as a cause of crack formation, the final EtOH wash was replaced with 
pentane the surface tension at room temperature  of which is much lower than that of 
EtOH (14 mJ/m-2) This reduced the cracking but did not eliminate it totally. 
 
c) Water soaked pentane drying: To investigate whether the cracking occurred while 
etching or during washing (prior to drying) a PSi sample was immersed in DI water 
immediately after etching and the surface characteristics were examined under optical 
microscope at x50 magnification, i.e. examine whilst still under H2O. Interestingly 
there were no cracks observed instead it was observed that bubbles were emanating 
out of the sample and later it was found that it was H2 entrapped in pores during 
etching.*1 
 
d) Freeze drying: Since it seemed to be difficult to eliminate crack formation using 
low surface tension solvent evaporation, the author tried freeze drying. This avoids 
crossing of liquid-vapour boundary, instead crossing the liquid-solid and solid-vapour 
boundaries thus avoiding the damaging effects due to capillary phenomena and 
stresses from surface tension.  
A thoroughly rinsed sample was immersed in a DI water bath, cooled down to 
-400C and placed in a freeze dryer for 24 hours. When the dried sample was observed 
under an SEM it was found to be virtually crack free (Fig 3.3). Therefore, this method 




*1H2 identification test: A lit splint was applied onto the gas after collecting it into small test 










Fig 3.3 SEM image of meso PSi sample after freeze drying  
 
3.2.2 Macro PSi  
 If there are no meso-pores presence in the PSi, capillary interactions should 
not cause cracking during the drying process. To prove this half of a macro PSi 
sample was simply left to dry inside a N2 glove box whilst the other half was freeze 
dried. Subsequent SEM observes showed the surfaces of both halves to be crack free 









Fig 3.4 SEM image of macro PSi sample after drying inside the N2 glove box 
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3.3 Surface Modification 
As mentioned in the Sections 2.8 and 2.9 of Chapter 2, surface modification is 
essential to obtain a more stable PSi specimen by replacing Si – H bonds with Si – C 
or Si – O bonds. In addition it also provides a surface suitable for subsequent 
chemistry.  In this work two approaches were used to modify the surface: the first 
utilized the native H terminated PSi surface as a chemical handle through which Si-C 
bonds formed, while the second involved oxidation of PSi followed by reactions with 
alkoxy moieties which provide new Si – O – Si linkages.  To ascertain if surface 
modification had been successful the samples were analysed by FTIR spectroscopy.  
 
3.3.1 Functionalization through Si – C bonds 
3.3.1.1 Thermal hydrosilylation  
All the chemicals used for thermal hydrosilylation were of analytical grade 
and purchased from Sigma-Aldrich and they were used in ‘as received’ conditions 
unless otherwise stated.  
 
3.3.1.1.1 Modification by 1-decene  
Freeze dried micro PSi samples (1 x 1 cm2) were modified using 5% 1-decene 
(by volume) in paraffin oil. The oil mixture was brought up to a temperature of 1200C 
before the PSi was added; it was then refluxed for 24 hrs using a condenser system in 
a fume hood.  
After 24 hrs, the sample was removed and immersed in pentane for 1 hr, 
shaking intermittently, to remove the paraffin oil. Then it was thoroughly rinsed with  
 
Note: The paraffin oil used as a solvent contained alkanes in the C12-C15 range. Its boiling 
point is greater than 150 0C and it  is the fractional distillation of crude oil over the temperature 
range 150 0C to 275 0C. The paraffin oil used in this work has no additives. 
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pentane followed by EtOH and DI water. Finally it was again freeze dried. The dried 
sample was checked under UV light and to the naked eye  photoluminescence (PL) 
appeared to have change from yellowish-orange to reddish-orange and was as intense 
as before modification. 
 
3.3.1.1.2 Modification by Undec-10-enoic acid (Undecylenic acid) 
 This process is very similar to the thermal Hydrosilylation by 1-decene. A neat 
liquid of undecylenic acid (i.e. in the ‘as received’ condition) was heated to 120 0C in 
a round bottom flask and before a 1 cm x 1 cm micro PSi sample was placed in it. 
Refluxing continued for 2hrs or 5 hrs, after which the sample was thoroughly rinsed 
with EtOH followed by DI water and then freeze dried. Observations with the naked 
eye indicated that the PL did not change with this modification.  
 
3.3.1.1.3 Modification by 10-undecene-1-ol (Undecylenic alcohol) 
Two different approaches were used to modify the samples: the first used 
freeze dried micro PSi samples and modified using neat liquid 10-undecene-1-ol , 
while the second used N2 dried macro PSi samples and modified them using 
deoxygenated liquid 10-undecene-1-ol.  
 
a) Deoxygenating of 10-undecene-1-ol 
The ‘as received’ liquid was deoxygenated by freezing/thawing cycles. First the 
liquid is frozen by placing in liquid N2 and once totally frozen a vacuum is applied 
and maintained for 5 min. N2 is then bleed into the container and the frozen solution 
thawed with warm water. This cycle is repeated 3 times.  
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b) Thermal treatment 
Similar to the processes discussed in Section 3.3.1.1.1, 10-undecene-1-ol was 
heated to 170 0C in a round bottom flask before 1 cm x 1 cm PSi samples were 
immersed in the flask. Micro PSi samples were refluxed for 2 hrs or 7 hrs while the 
macro PSi samples were refluxed for 5 hrs. Upon completion, the sample was 
removed and immersed in EtOH for 30 min, shaking intermittently, to remove the 10-
undecene-1-ol. Then it was thoroughly rinsed with DI water and finally it was again 
freeze dried (if micro PSi) or blown N2 dried (if macro PSi). 
 
3.3.2 Functionalization through Si – O bonds 
3.3.2.1 Thermal oxidation 
 The rate of oxidation of PSi is very much higher than that of bulk Si due to its 
large specific surface area and the presence of a large number of high energy reaction 
centres. Two different means of oxidation can be found in the literature, 
chemical/electrochemical and thermal. Electrochemical or chemical oxidation 
provides a partially oxidized PSi layer while thermal oxidation completely converts 
the porous layer to oxide. In addition, oxidation at temperatures below 1000 0C leads 
to porous oxides if the porosity is in excess of 56%. Unagami (3) found that SiO2 is 
only formed by oxidation at temperatures above 500 0C. Therefore, the oxidation 
temperature and incubation time were set to 800 0C and 1 hr. Heating and cooling 
rates were also adjusted to 10 0C/min to reduce any thermally induce cracking. 
 Thermal oxidation was carried out in a close end tube furnace in an air 
atmosphere. The sample was first placed onto a ceramic crucible and then placed 
inside the furnace. After the heat treatment the oxidized PSi (OPSi) sample was 
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imaged under an SEM to check whether it remained porous and also to check its 
mechanical stability (cracks).  
 
3.3.2.2 Silanization of PSi with 3-aminopropyltrimethoxysilane (APS) 
3.3.2.2.1 Hydroxylation by piranha treatment 
 As described in the Section 2.9.2 of Chapter 2 silanization requires silanol 
groups on the modifiable surface. This can be achieved by different means, among 
which piranha treatment was selected due to its simplicity and reproducibility. This 
technique is also not expected to damage the PSi layer and provides a high density of 
silanol groups on the surface (4).  
 Acid piranha solution is a warm mixture of concentrated H2SO4 and H2O2, 
which is generally used to clean organic residues off substrates as it is a strong 
oxidizer. In addition it is also used to make hydroxyl surfaces that are extremely 
hydrophilic. Piranha solutions are extremely reactive and may result in explosion if 
not handled with extreme caution. Acid piranha treatment is a self starting reaction 
and it is extremely exothermic. The resultant heat can rapidly bring the solution 
temperature up to 120 0C.  
The procedure adopted for using the piranha solution was as follows: a small 
pyrex (borosilicate) glass beaker was placed in a large glass container and the piranha 
solution was prepared inside the small glass beaker; the role of the large secondary 
container is to prevent the solution foaming out into the fume hood deck. The 
preparation of piranha solution starts with 14 ml of 97% H2SO4 (Merck) to which 6 
ml of 30% H2O2 (Merck) is added drop-wise (in the ratio of 7:3, v/v). The peroxide 
must always be added to the acid, and not vice-versa, to avoid as explosion. This was 
performed in a fume hood and the recommended protection accessories were worn. 
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While adding the peroxide drop by drop the temperature was closely monitored and 
controlled by slowing down the H2O2 addition and hence allowing the solution to 
stabilize. The maximum temperature of the solution reached was 100 0C and it 
reduces to 60 0C once stabilized. Once the mixture has stabilized it was further heated 
to 80 0C to sustain its reactivity. However, it should not be heated immediately (wait 
for about 5 min for 20 ml of solution) after adding the H2O2 because a sudden 
increase in temperature may lead to violent boiling, splashing of the extremely acidic 
solution and possible explosion. A 1 cm x 1 cm PSi sample was next carefully 
immersed in the solution and maintained at 80 0C for 20 min. Then the sample was 
removed and rinsed with copious amounts of DI water and blown dry with N2.  
 After use, the hot solution was left in the fume hood in an open container 
overnight to allow the escape of any retained gasses. The following day, cool solution 
was stored in a glass disposal vessel. 
 
3.3.2.2.2 Coupling of 3-Aminopropyltrimethoxysilane  
Sample preparation: Freeze dried PSi that has been treated with piranha solution as 
described above, is rich in hydroxyls at the oxide surface so that it is suitable for the 
silanization process. First the hydroxyl-rich PSi samples (HRPSi) were rinsed 3 times 
with pure (99%) toluene (Sigma-Aldrich®, as received) and placed in a closed 
container and a vacuum applied for 10 min. Vacuuming was carried out to facilitate 
the infiltration of the APS solution into the pores by removing trapped air/toluene 
inside the pores.  
 
Solution preparation: Solution preparation was in two steps; mixing followed by 











3 -amino propyl trimethoxy silane
Organic® (as received and stored in a vacuum desiccator), was used as the silane 






Toluene was selected as the solvent because it has been found that toluene can 
optimize the amount of water required for hydrolysis of APS since it does not absorb 
atmospheric moisture (6). DI water, in amounts varies from 0.3% to 2.5% in volume, 
was first added to toluene and then APS was dissolved at different concentrations 
from 2.5% to 10% in volume. The closed container was shaken well to mix all three 
components until it made a uniformly white dispersion.  
 In the second step dissolved gasses (O2 and CO2), which could affect the 
amount of free amine on surface as described in the Section 2.9.2, are removed by 
freezing/thawing cycles as described in the Section 3.3.1.1.3(a). 
 
Coupling of APS: After the freezing/thawing cycles, 20ml APS solution was injected 
into the vacuum container through a rubber septa. Then both the sample and solution 
were transferred into a round bottom flask and refluxed for 3 hrs to 7 hrs, after which 
the sample was removed, rinsed rigorously with toluene and then immersed in toluene 
for 30 min, before one final rinsed with toluene. Both the rinsing and immersion in 
toluene were carried out in a N2 atmosphere. Finally the sample was blown dry with 
N2 and was stored in a vacuum desiccator until characterisation.  
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a) Effect of APS concentration: The effect of APS concentration was studied 
by comparing the FTIR spectra collected from samples modified with APS at 
concentrations of 2.5%, 5% and 10% in volume in toluene each also having  2.5% 
(vol) DI water.  
 
b) Effect of water content: APS was deposited from 5% APS solution at RT 
for 7hrs. The water content in the solutions was selected as 0.3%, 0.6%, 1.25%, 
1.875% and 2.5% by volume respectively.  
 
c) Effect of deposition time and post curing:  
i) APS was deposited from a 5% APS solution in toluene containing 2.5% DI 
water at room temperature for 5 hrs and 7 hrs respectively. After drying in N2 these 
two samples were characterised by using FTIR spectroscopy and SEM. Later the 
sample immersed in APS for 7 hrs was thermally cured at 80 0C for 30 min and again 
characterized by FTIR and SEM.  
ii) As in part (i) except this time using 5% APS solution containing 0.6% DI 
water instead of 2.5% DI water at RT for 3hrs, 5hrs and 7 hrs respectively (performed 
after investigating the effect of water). 
 
3.3.3 Immobilization of bio-molecules onto PSi 
There are two methods by which proteins can be immobilized onto a solid 
substrate; covalently or non-covalently. On one hand non-covalent immobilization 
includes physical adsorption or ionic binding due to H-bonding, van der Waal’s 
forces, hydrophobic interaction and/or ionic interaction (which is low cost, simple and 






N,N' Carbonyl diimidazole (CDI)
technique requires cross-linking reagents which can conjugate proteins to the 
substrate, this may allow immobilization via a spacer arm and thereby obviate steric 
hindrance.  In addition, covalent coupling leads to very stable, functionally 
reproducible and strong preparations with extended active life (i.e. the protein is not 
as easily lost into solution as in physical or ionic adsorption). Therefore, for this work 
covalent techniques were chosen as described in Sections 3.3.3.1 and 3.3.3.2. 
 





As there is no bio-active functional group on PSi surface, it needs to be 
introduced. For the first step PSi was modified with 10-undecene-ol as described in 
Section 3.3.1.1.3. The 1,1’ carbonyl diimidazole (CDI) was selected as the cross 
linking agent  for bio-conjugation for the reasons described in Section 2.10.1. 
CDI (97%) was purchased from Merck and used and stored in the glove box as 
it is susceptible to moisture. Dry acetone containing less that 0.01% water was also 
received from Merck. Both the PSi samples modified with 10-undecene-ol and the 
beakers were rinsed with dry acetone and left to dry in the glove box for 1 hr. Then 
0.75g of CDI was dissolved in dry acetone and the PSi sample was immersed in the 
solution for overnight. At the end of the incubation time, the sample was thoroughly 
rinsed with dry acetone and left to dry.  
The reactivity of the activated sample towards primary amine was tested using 
98% pure hexamethylene di-amine. 0.5g of hexamethylene-di-amine (HMDA) was 
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dissolved in 10 ml of 1M imidazole buffer at pH 9.5 and the CDI activated sample 
was dipped in the solution for 24 hrs. Then the sample was rinsed with copious 
amount of DI water, dried in air and analysed by FTIR.  
 
3.3.3.2 Covalent coupling of Bovine Serum Albumin 
Bovine Serum Albumin (BSA*) which was choosen as the ligand, was 
purchased from Sigma-Aldrich and it was used in as received condition. Its molecular 
weight was approximately 66kDa and isoelectric point is close to 4.9. It’s a single 
peptide chain containing 584 amino acid residues (7). It’s approximately cylindrical 
and its globular dimensions are 41 x 41 x 141 (0A)3 (8).  
BSA immobilization was carried out under various experimental conditions as 
shown in the Table 3.1. In a typical experiment, the amount of BSA dissolved in the 
buffer solution of specific pH to a concentration of 0.001g/ml. A CDI activated PSi 
sample was then immersed in the solution and incubated at the specific temperature 
for different time periods. At the end of the incubation period, the BSA solution was 
removed and the sample rinsed with copious amounts of DI water and dried under a 









*Serum albumin is the most abundant protein in plasma. It is the major soluble protein 
constituent of the circulatory system and hence it has many physiological functions and it plays 
key roles in transporting many endogenous and exogenous ligands (9). 
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Table 3.1 Experimental conditions for BSA immobilization 
 
A series of buffers, as coupling media, were used as reported in Table 3.1 to optimize 
the coupling yield. Even though, CDI is not very stable at higher pHs (as discussed in 
the Section 2.10.1.2), buffers with a higher pH were also tested as it could facilitate 
de-protonation of amine in BSA providing more reactive sites. On the other hand 
buffers with lower pH values can lower the effect of electrostatic interactions (10). As 
found by Ladaviere et.al  using a lower BSA concentration and low ionic strength 
buffers can help improve the immobilization efficiency and hence the above 
Exp. No 
 
1 2 3 4 5 
Buffer 
solution 




+ 0.1M NaOH 
pH 9.5-10 7.4 7.4 10.5 10.5 
Incubation 
time 
24 hrs 24 hrs 48 hrs 16 hrs 48 hrs 
Incubation 
temp 
0 0C RT RT RT RT 
PSi Type  Micro PSi Micro PSi Micro PSi Micro PSi Micro PSi 
 
 
     
Exp. No 
 


















pH 10 10 10.8 10.8 5.5 
Incubation 
time 
48 hrs 16 hrs 48 hrs 16 hrs 48 hrs 
Incubation 
temp 
RT RT RT RT RT 
PSi Type  Micro PSi Micro PSi Micro PSi Micro PSi  Micro PSi 
 
 
    
Exp. No 
 












0.01 M PBS 
pH 5.5 10.8 5.5 7.4 
Incubation 
time 
48 hrs 24 hrs 24 hrs 24 hrs 
Incubation 
temp 
RT RT RT RT 
PSi Type  Micro PSi Macro PSi Macro PSi Macro PSi 
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experiments were carried out accordingly (7). Fig 3.5 summarised the step-by step 




































































































































(b) BSA immobilization  
Fig 3.5 Schematic representation of the sequence of surface modification steps 
employed in the protein immobilization process 
 
CDI in dry 
acetone 
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3.4 Chemical/ Bio-chemical sensor 
3.4.1 Fabrication of the sensor 
 The sensing element design used in this work is very similar to that described 
by Archer et.al. (11), who also evaluated the electric field distribution across the 
sensor.  
 Fabrication includes cutting, cleaning, masking and making back Ohmic 
contacts which will be described in detail.  
 
a) Cutting, cleaning and masking 
 PSi samples after Functionalization, were cut into 15 x 15 mm2 rectangular 
chips using a diamond-tip pen. The back side of the each chip was cleaned first using 
pentane, EtOH or toluene depending on whether it was functionalized with 1-decene, 
undecylenic acid or APS, respectively. Then the back was pre-etched in 2% HF 
solution for 60 sec for remove the native oxide layer. In the case of oxidized PSi 
samples, 10% HF was used to remove the oxide layer at the back side. Cleaning was 
carried out with care to avoid the front side coming into contact with HF which could 
remove the PSi layer in case of APS modified chips and oxidized PSi chips. In 
addition it may introduce cracks on the front side. 
 At the centre of the chip, masking tape (insulating tape) was pasted as shown 
in the Fig 3.6. 
 
    b) Back Ohmic contact 
 The response of the sensor to target analytes depends on the characteristics of 
the electric contact with PSi (18) and different geometrical configurations can be 






Cu strands Insulating mask
‘Schottky like’ diode (12-15), metal contacts evaporated onto PSi (16), co-planer 
contacts on PSi layer (17), p-n junction surrounded by PSi (18) and co-planar contact 
on Si substrate (11). Among these, co-planar electric contacts at the backside of the 
PSi substrate were selected for this work (Fig 3.6) as this allowed the sensing area to 
be completely exposed to the target analyte. It was expected that this arrangement 
would give a better response compared to the sandwich design because the sensing 
surface is free from any influence of the contact barrier. i.e. there cannot be any 
chemical reactions between metal contact and the target analyte. In addition this could 
avoid the unreliable contact between metal and porous structure. As well it is not 
practical to go for a sandwich design once the surface is modified with different 






         (a)     (b) 
Fig 3.6 Schematic illustration of the lay out of the sensor 
 (a) plan view (b) cross section 
 
 
 The Ohmic contact was realized by applying GaIn eutectic solution evenly on 
back side after cleaning, except for the areas covered by the masking tape. Two 
copper wires were then attached in such a way that strands of wire spread on the 
surface in order to get a more uniform current distribution across the surface as shown 
in the Fig 3.6(a). Finally the back side was fully covered with an epoxy resin 
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(Araldite) and pasted onto a glass slide which makes it easy to handle. In addition, the 
Araldite cover helps to prevent the target analyte reaching the back contact, which 
eliminates any leakage current. The sensor elements were left to cure over night.  
 This method is attractive compared to the other methods like sputtering Al/Au 
on the backside, because of its simplicity and it only requires a very simple cleaning 
procedure that is not harmful to the PSi layer on the front.  
 
3.4.2 Testing of the chemical sensor 
 Testing was carried out using a Solatron 1250 frequency response analyzer 
(FRA). The sensor was first coupled in series with a 1 kΩ resistor which allows 
determination of the current flowing through the sensor (voltage drop across the 
resistor) and connected to the generator of the FRA as in Fig 3.7. The voltage drop 
across the sensor (V2) was connected to channel 2 of the FRA, whilst that across the 1 
kΩ resistor (V1) was feed to channel 1. The ratio of channel 2 over channel 1 thus 
represents the sensor’s impedance.  
i.e. 
V1 =  I x Rsensor       [3.2] 
V2 = I x 1000 
Rsensor =  (V1/V2) kΩ 
 
The influence of the frequency on the impedance of the sensor was checked by 
sweeping the sinusoidal voltage from the FRA’s generator over the range 1Hz to 60 
kHz using amplitude of 90 mVrms (Fig 3.8). It was found that at low frequencies the 
device behaves as a resistor while at high frequencies phase angle shift indicates more 
capacitive behaviour as the overall impedance reduces. 
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(a) Drop test 
For the drop test, the following parameters were set on the FRA: applied 
frequency 100Hz, integration time 10 Sec, Delay time 2 Sec, no of  data points 100, 
AC amplitude 90 mVrms, all the other parameters set to zero. 
 Variation of the impedance of the sensors with time was monitored by setting 
as 10s integration time and 2s delay time for each data collection for 100 data points. 
Tests were carried out by dropping 0.125ml of target analyte onto the sensor in 
between the sweep. The response was checked by plotting the impedance against 
time. Each sensor was tested for 5 different organic solvents (in as received 
condition), namely acetone, acetonitrile, ethanol, methanol and pentane. These target 
analytes were selected on the basis that a range of different intermolecular interactions 
would be possible with the functionalized surface, particular varying degrees of H-
bonds.  
A flat piece of bulk silicon dipped in 2% HF was used as a reference. It 
showed a very small response to pentane compared to 1-decene modified PSi Silicon 
sensor. This is due to the high specific surface area in PSi compared to flat silicon 
(Appendix A).  
 
(b) Flow test 
The flow cell was made by pasting a Duran® silicone sealing ring (θ= 10mm) onto 
the sensor; inner surface of the O-ring is bonded with a thin layer of 
polytetrafluoroethylene which is chemically inert. 
Flow tests were carried out by introducing a continuous and stable flow of target 
analyte into the sensor. The ‘in’ flow rate was set at 1.5 ml/min. A moderate flow rate 
is chosen as excessive flow can cause cavitations and turbulence within the sensor 
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which will affect the results.  The ‘out’ flow rate was set at 1.8 ml/min to maintain the 
liquid volume above the sensor at constant.  
FRA parameters for the flow tests were set as the same as in Section 3.4.2 (a). 
Variation of impedance over a period of time was monitored before and after the 
introduction of the flow. 
 
(c) Vapour test 
The sensor was exposed to different target analytes in vapour state under gas 
saturation conditions. Schechter et.al.  (19) found that the use of either N2 or ambient 
air as a carrier gas has no influence on the response of PSi sensors to organic vapours 
if the exposure time is only for a few minutes (~2min). As the stability of 
functionalized PSi against oxidation is expected to be longer than that of PSi with no 
surface modification it was decided that ambient air would be a suitable carrier gas for 
the present work. To saturate the air it was bubbled through the liquid target analyte 
for about 15s. in a Duran® gas washing bottle with Drechsel type head. 
 In order to facilitate desorption of any adsorbate, the sensor was kept in 
controlled atmosphere (at 20% RH and low pressure about 406 mbar) for one hour 
before and after each data acquisition. The response of the sensor was measured using 
the FRA as described in Section 3.4.2 (a)  
 
(d) Stability test 
One sensor of each surface modifications was tested with a pentane drop at 
different time intervals; a day; 2 days; 3 days; 1 week; 2 weeks; 3 weeks and 4 weeks. 
Another sample, subjected to the same conditions, was characterized by using FTIR 
spectroscope at the same time intervals.  
 97
(e) Effect of separation distance between two contacts  
The effect of the separation distance on the response of the sensor was 
investigated by varying its width, using 0.92, 0.99, 1.08, 1.26 and 2.2 cm respectively. 
This investigation was performed using a drop test. 
 
(f) Effect of wafer resistivity  
Three different wafer resistivities of 0.01 Ωcm, 1-10 Ωcm and of 18 Ωcm 
were used to make the PSi sensors which were then functionalized. Each sensor was 
tested for five different organic solvents by a drop test. After these trials the sensors 
were observed under an SEM where all were found to be virtually crack free, except 
APS modified sensors.  
 
3.5 Characterization 
3.5.1 Scanning Electron Microscopy 
 SEM is widely used analytical tool which when combined with EDAX permits 
one to explore the topography, surface structure, atomic number, elemental 
composition and distribution of the organic or inorganic materials. It also provides 
exceptional depth of field and requires minimal sample preparation (20). 
 In this study, a PC controlled Phillip XL-30 FEG SEM was used for the 
morphological observations. As the name implies this is a type of field emission 
SEM. FEG generates electrons in higher brightness and higher coherence which 
provides descriptive micrographs for analysis. Three electromagnetic lenses beneath 
the gun focus and shape the electron beam before it strikes the specimen in a scan 
fashion. The most useful mode for viewing topography, which is used throughout this 
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study, is the emissive mode, collecting secondary electrons with a scintillator in a 
positively biased shield (20). Since the interaction varies from point to point on the 
specimen, signal produced by the SE detector varies and hence different values of 
brightness are generated in the CRT, which ultimately leads to produce an image. The 
scintillator type SE detector in Phillip XL-30 FEG SEM is mounted in the chamber 
over the sample (20, 21).  
 The accelerating voltage of the electron beam directly affects the amount of 
surface detail seen on the image. It ranges from 0.5 kV to 30 kV (21). Even though a 
high accelerating voltage gives a better resolution it may damage the specimen. 
Therefore it was set to 5 kV in this study.  
 Depending on the requirement the working distance was adjusted from 30 mm 
(maximum) to 10mm (minimum); working parameter is displayed on the data bar of 
the each micrograph.  
 
3.5.1.1       Sample preparation 
Samples to be scanned under SEM were sputter coated with a 10 nm gold 
layer when necessary (eg. PSi samples modified with APS). As this increases the 
surface conductivity and reduces the charging of electrons at the surface, the resulting 
images are sharper and clearer than those without any (20)  
 BAL-TEC SCD 005 sputter coater was used for this purpose. Samples were 
first placed in the sputter chamber and vacuumed while flushing the chamber with Ar 
gas. Once the vacuum level reaches 5 x 10-2 mbar, 30 mA applied for 70 sec. to obtain 










3.5.2 Infrared Spectroscopy 
IR spectroscopy is a popular analytical technique for elucidating the molecular 
structure of both inorganic and organic compounds. It measures the absorption of IR 
radiation by the sample as function of wave length (or frequency)(23). 
 For this work IR spectroscopy was chosen as a characteristic technique to 
evaluate the molecular configuration of modified and unmodified PSi surfaces 
because undoped Si is transparent to IR beam and multi modes of IR such as 
transmission, attenuated total reflection (ATR) or diffused reflection can be selected 
depending on the requirement. A Varian Excalibur HE 3100 FTIR spectrometer with 
Deuterated Tri-Glycine Sulphate (DTGS) detector was use in this work. The 
resolution was set to 4cm-1 and 64 scans were averaged for each spectrum unless 
otherwise stated.   
 










Fig 3.9 Michelson interferometer (24) 
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The basic components of the conventional interferometer are a beam splitter, a 
moving mirror and a fixed mirror as shown in Fig 3.9 (24). The light beam from the 
IR source first directed to the beam splitter where ideally 50% light is reflected to 
fixed mirror and the rest is transmitted to the moving mirror. Moving mirror is 
capable of changing its position in such a way that it produces a varying path 
difference to the transmitted beam depending on it position. The split beams are then 
reflected back to the beam splitter where they can combine either constructively or 
destructively depending on the path difference between two beams. The combined 
beam is then directed to the detector. However, the intensity at the detector is not only 
a function of the mirror position but also the radiation wave length, as IR is 
polychromatic. The summation of the large number of individual cosine-like 
interference patterns produces the interferograme (23). 
 
3.5.2.1      Collection of Spectra 
A reference/ background spectrum should be collected first in order to correct 
for the contributions of unwanted signals to the final spectrum. In this work, a single 
crystalline Si wafer with the unpolished side facing the incoming beam was used to 
collect the background spectrum. New reference spectrum was collected for each 
series of experiments that enhance the sample spectrum quality. Since the reference 
spectrum is ratioed against (or subtracted from) the sample spectrum, the same 
resolution and same number of scans must be used to avoid mismatch in the signal to 
noise ratio.   
Once the background spectrum is collected, the sample can be placed in the 
sample compartment to obtain the sample spectra. This sample spectrum contains 
absorption bands of both the sample and the background. The computer software 
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automatically subtracts the background spectrum from sample spectrum, yielding the 
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RESULTS AND DISCUSSION  
4.1 Formation of porous silicon 
After anodization of Si (10Ωcm) in HF based electrolytes (either in organic 
electrolyte at 40mA/cm2 current density for 120 min or in aqueous electrolyte at 
22mA/cm2 current density for 20 min ), the surface of the PSi was characterized by 
FTIR spectroscopy and morphological evidences were collected by SEM micrograph. 
Fig 4.1 shows infrared spectra of PSi prepared in different electrolytes. The detail 
transmission peaks are assigned and tabulated in Table 4.1.  
 
Table 4.1 Assignment of FTIR bands of PSi spectra formed in HF solutions 





DMF Assigned to Range (1-8) 
2958 ab ab C-H asy st of terminal CH3 
2923 ab ab Asy CH2 st 
2854 ab ab Sy CH2 st 
CH st  2850-
3000 
 
2363   
2341   
CO2 in air  
2240 2250 - Si-O st of O3SiH 
2191 2198 - Si-O st of O2SiH2 
- 2140(shoulder) - Si-H st of SiH3 
2102 2110 2103 Si-H st of SiH2 
- 2089 - Si-H st 
2250-2090 
medium 
1455 - - CH2/CH3 bend 1470-1430 (CH3) 
1475-1450 (CH2 
) 
1260 - - May be C-O st 1260-970 
1134 1138 1156 Si-O st due to bulk Si-O-Si  
1054 Exist (as a 
shoulder) 
1044 Si-O st of Si-O-C or/and Si-O 






- 908 902 SiH2 scissors bend 920-820 
834 832 - Si-O-Si symmetric st 700-900 
















































































Fig 4.1 FTIR spectra of (a) as prepared PSi in aqueous HF (without ethanol) after 
freeze drying (b) same as (a) with ethanol (c) in organic HF (with DMF) after drying  
in pentane (d) after dipping (b) in 10% HF 
  
The main adsorption bands in as prepared PSi are due to the Si-H vibrations of Si-Hx 
(x=1, 2, 3). In the absence of EtOH these vibrations give rise to a triplet at 2140, 
2111, and 2089cm-1. However, in the presence of EtOH or DMF, HSi-H band shifts to 
slightly lower frequency and the H2Si–H and Si–H can no longer be resolved. The 
strong adsorption around 630-680cm-1 in Fig 4.1(a), (b) and (c) and sharp peak at 
902cm-1 in Fig 4.1(c) are related to the bending modes of Si–Hx species as assigned in 
Table 4.1. 
 Oxidation of PSi seemed to be unavoidable during drying of PSi as indicated 
by the broad and very strong band around 1050cm-1 in all the spectra in Fig 4.1. In 
addition, incorporation of oxygen into Si back bonds is believed to cause broadening 
and shifting of Si–Hx related peaks to higher wave numbers, i.e. the peaks around 
2240 and 2190cm-1 are due to Si–Hx stretching modes of O3SiH and O2SiH2 
respectively. In addition to Si- H and Si – O related peaks, there are several other 
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** Auto-protolysis is a transfer of H ion between molecules of the same substance. 
 2 H 2 O H 3 O+ OH+
peaks seen in the spectra when ethanol was used in the electrolyte, of which the triplet 
around 2900cm-1 is the most interesting. At first, this was thought to be due to 
contamination. Contamination of PSi can clearly arise during formation, drying, 
storage, transport, handling or subsequent processing of PSi including 
characterization. However, it is less likely to be contaminated during etching as the 
vessel material is made out of PTFE which is stable enough for electrochemical 
etching in HF electrolyte. Therefore, it was thought contamination might to be coming 
either from ambient air as variety of organic vapours such as acetone, ethanol, 
methanol and toluene are likely to be present in the laboratory atmosphere or from 
residual vapours in the sample chamber of FTIR spectrometer. Contamination of 
sample chamber of FTIR spectrometer was ruled out by running control samples, 
none of which showed any triplet. Furthermore the triplet appeared even after 
transferring the PSi directly into the vacuum chamber and keeping it there for 7 days. 
Therefore external contamination was also ruled out.  
 The triplet near 2900cm-1 in Fig 4.1(b) are commonly seen in organic FTIR 
spectra and can easily be assigned to the presence of asymmetric CH2 stretching at 
2923cm-1, symmetric CH2 stretching at 2854cm-1 and  asymmetric CH stretching of 
terminal CH3 group at 2958cm-1 (1,9). Furthermore, as they are only seen in the 
presence of CH3-CH2-OH (and contamination has been ruled out) this is clearly their 
source. However, how this is attached to PSi is not clear, for example is Si-C2H5 or 
perhaps Si-O-CH3. The presence of ethanol in a physisorbed state is ruled out due to 
lack of any absorbance for OH stretching mode, expected at 3400cm-1 (10).  
 As ethanol is an amphiprotic solvent, it is capable of being both a proton 
donor and proton acceptor, i.e. it can undergo auto-protolysis** which can produce 







 C2H5OH HF C2H5F (Ethyl Fluoride)+
C2H5F C2H5
+ F+
            [4.1] 
This could be a possible source for the formation of Si – O – Et. However, it is known  
that Si – O bonds break in the presence of HF, yet dipping the PSi samples into 10% 
aqueous HF had no effect on the triplet seen in the FTIR spectrum as shown in Fig 
4.1(d). This rules out Si – O – Et. Furthermore, etch is performed in an acidic 
environment, conditions that do not favour auto-protolysis of ethanol, in fact the 
condition in Equation [4.2] is more likely (12).  
[4.2] 
 This leaves us with Si – Et being the source of the triplet. However, it is 
difficult to suggest a mechanism by which Si – Et could form. It might be due to 
formation and dissociation of CH3 – CH2 - F as shown in Equations [4.3] and [4.4]. 
[4.3] 
          [4.4] 
However, CH3 – CH2 – F is not stable in aqueous solution, so Equation [4.3] should 
not proceed. Nevertheless, the chemical environment at Si/electrolyte interface is very 
dynamic during etching so it is possible some C2H5+ does momentarily form.  
Unfortunately, FTIR is insufficient to confirm Si – Et as the peak position of Si – C is 




4.2.1 Meso porous silicon (2 nm < pores <50 nm) 
 Drying was one of the most critical steps in this work, as it is essential to have 
crack free PSi for a sensor. As elimination of cracks in p-type PSi with thick porous 
layer is not well documented, a few different drying techniques were investigated. 
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 Fig. 4.2 shows plan view and cross sectional images of PSi samples dried 
under different conditions. All the samples were prepared at a current density of 
22mA/cm2 for 20 min of etching time. All the samples showed orange PL under UV 
light.  




























   
 



























Fig 4.2 SEM images of PSi samples: (a) dried in ethanol; (b) dried in pentane at 
room temperature; (c) soaked in water followed by pentane drying; (d) same as  
(c) at higher magnification; (e) cross-sectional view of (c); (f) freeze dried  
(at low magnification)  (g) freeze dried (at high magnification) 
  
 
According to the quantum confinement model, PL is evidence of the presence 
of nano-pores in the PSi structure. It was also found that evaporation of pore liquids 
give rise high surface tension. However, that cracks the PSi which in these studies 
was 25μm thick. Fig 4.2(a) shows a PSi that has been rinsed with ethanol and left to 
dry. This surface is full of interconnected cracks, caused by the stress exerted onto the 
porous structure during evaporation of the ethanol. Fig 4.3(a) shows optical images 
taken under wet conditions, i.e. the film has not yet been dried, which reveal that no 
cracking occurs during etching. Instead, entrapped H2 gas emanating from the wet 
surface was observed (Fig 4.3(b)).Therefore before ethanol dried it was replaced with 
pentane, which has a much lower surface tension and thus causes less stress on to PSi 
film. Although pentane helped to reduce the cracks, it was unable to eliminate them. 

















Fig 4.3 Optical images of PSi under wet condition (a) PSi layer covered with thin 
layer of water( x 50)  (b) escaping of H2 gas from the PSi surface ( x 10) 
 
An SEM image of the sample soak in water to allow the H2 to escape prior to pentane 
drying is shown in Fig 4.2(d) and (e). it can be seen that this had fewer cracks than its 
non-soaked counterpart in Fig 4.2(b). However, the structural morphology of this 
soaked sample was unusual as it shows the island-like features with few macro-pores. 
Furthermore, the cross sectional image (Fig 4.2 (f)) revealed that it has a honey-comb 
like structure and it appears that the surface is covered with a thin oxide layer, which 
grew during the water soaking period; EDAX confirm the oxide. The macro-pores 
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that appear in the Fig 4.2(e) could be due to the breakage of oxide layer during 
emanating of H2 bubbles/ handling.  
 Fig 4.2(g) and (h) shows the SEM images of PSi samples dried in a freeze 
dryer. As the freeze drying process eliminates crossing of liquid/vapour boundary, 
instead crossing of liquid/solid and solid/vapour boundaries, PSi without cracks were 
successfully obtained. As can be seen in Fig 4.2(h) it exhibits a macro porous phase, 
with average pore dimensions of about 2-3.5 µm, with a super imposed meso porous 
phase responsible for the strong visible PL emission under UV irradiation.  
 As discussed in Section 4.2.1, different drying techniques such as solvent 
drying, water soaked solvent drying and freeze drying were investigated. Among 
these techniques, freeze drying was capable of producing crack free meso-PSi layer 
from p-type silicon with the thickness of 30 μm. Therefore, this technique was used 
throughout the work unless otherwise stated.  
 
4.2.2 Macro porous silicon (pores >50 nm) 
 Fig 4.3 shows an SEM micrograph of PSi formed in an organic (DMF) HF 
electrolyte, which clearly gives rise to a different morphology compared to that 
formed in the aqueous HF electrolyte. This specific etching procedure (40 mA/cm-2 
current density and 120 min etching time) leads to formation of macro porous like 























Fig 4.4 SEM images of PSi samples (a) Plan view (b) View after tilting it by 30 0 
 (c) Cross section 
 
The plan view (Fig 4.4(a)) looks similar to the honey comb structure obtained for 
micro PSi and pore diameters vary from 1.5 to 3.5 µm. However, a tilted view (Fig 
4.4 (b)) shows free standing microcrystalline Si columns. The pore network seems to 
be homogeneous but it does not seem to be interconnected; rather as can be seen from 
Fig 4.4 (c) it looks like regular cylindrical pores running parallel to each other and 
perpendicular to the surface.   
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4.3 Surface modification 
4.3.1 Thermal hydrosilylation of PSi 
 In this section, non catalytic thermally induced hydrosilylation of PSi surface 
with an alkene or an alkene with either a terminal carboxalic acid group or a terminal 
OH group will be presented and discussed. 
 
4.3.1.1 1-Decene 
 The FTIR spectra taken after covalent modification of PSi by direct reaction 
with 5% 1-decene in paraffin oil at 120 0C are presented and discussed. Fig. 4.5 shows 
the IR spectra of functionalized PSi along with that of neat liquid of 1-decene for 















































Fig 4.5 FTIR transmission spectrum of (a) functionalized PSi with 1-decene, (b) neat 
liquid of 1-decene  
 
 




Functionalized PSi 1-decene 
 
Vibrational mode (9,10,13-15) 
- - 3079 (m) =CH2 st (sp2) 
(3095-3075) 
2959 (w) 2955 (s) 2959 (vs) C-H asy st of terminal CH3 (SP3) 
2923 (w) 2924 (s) 2928 (vs) asy CH2 st (sp3) 
2853 (w) 2854 (s) 2857 (vs) sy CH2 st (sp3) 
2245 (m) 2250 (m) - Si-O st of O3SiH 
2193 (m) 2199 (m) - Si-O st of O2SiH2 
2116 (s) 2102 (vw) - Si-H st of SiH2 
- - 1825 (vw) Overtone of  910 
- - 1643 (m) C=C st (sp2) (1690 – 1635)  
1455 (w) 1465 (w) 1467 (m) CH3 bend (assy) (sp3) (1470-1430) 
and CH2 bend(sp3) (1475-1450)  
- 1372 (w) 1379 (w) CH3 bend (sy) (sp3) (1395-1365) 
1134 (s) - Si-O st due to bulk Si-O-Si / 
1054 (vs) 
1068 (broad) (vs) 
- Si-O anti-symmetric st of surface 
Si-O-Si 
908 (m)  998 (w), 910 (s) SiH2 scissors bend  (920-820) / 
=CH δ oop (1000-650) 
834 835 - Si-O-Si symmetric st 
- - 723 (w) CH2 γ (sp3) (770-720) 
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The IR bands of interest to this work are Si – Hx, C = C, and C – H, which are in the 
range of  2140 – 2089cm-1, 1680 – 1600cm-1 and 3000 – 2850cm-1 respectively. As 
discussed in Section 4.1, FTIR spectrum of ‘as prepared’ PSi displays absorption 
characteristics of surface Si – H, Si – H2 and Si – H3 species centred at 2100cm-1. In 
addition, the small broad band at 1103cm-1, which is due to asymmetric stretching of 
Si – O – Si group, can be found. After treatment with 1-decene, IR spectrum exhibits 
a very strong triplet around 2900cm-1 as well as medium intense double band at 
1463cm-1 and 1377cm-1 as shown in the Fig 4.5(a). The FTIR analysis also reveals 
that the Si – Hx stretches are broader and decrease in relative intensities compared to 
unmodified PSi (Fig. 4.1(a) and Fig 4.5(a)).  
 Comparing the FTIR spectra of 1-decene modified PSi with pure 1-decene 
(Table 4.2), the absence of both the sp2 C – H stretching mode and the υ (C = C) 
together with the continued presence of features relating to sp3 C – H bands indicate 
the chemisorption of 1-decene onto PSi with the consumption of Si – Hx. Moreover, 
there is no concomitant loss in the intensity of the υ (C – H) IR band associated with 
alkyl group even, after keeping the sample under vacuum for 7 days, confirms the 
covalent attachment of 1-decene.  
 The mechanism of reaction of the 1-decene with PSi can either be radical base 
due to homolytic cleavage of Si – H bonds as suggested by Geobaldo et.al.(16) or  it 
can be due to direct nucleophilic attack of the H-terminated Si surface by п electron 
rich terminal double bond as proposed by Boukherroub et.al.(15). However, the 
radical mechanism is unlikely to occur at the temperature (1200C) used in this work is 
rather low for with the homolytic cleavage of Si – H bonds, usually only occurs at 
higher temperatures >150 0C (17). Therefore, it is likely that direct nucleaphilic attack 
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Fig 4.6 Proposed mechanism for thermal hydrosilylation of 1-decene (15) 
 
4.3.1.2 Undecylenic acid 
 FTIR spectra of PSi after modifying with undecylenic acid for 2hrs and 5hrs 
are shown in Fig 4.7 and the corresponding vibration bond assignments are 



































Fig 4.7 FTIR transmission spectra of (a) PSi after modifying with undecylenic acid 
for 2 hrs (b) same as (a) but reaction time was 5hrs 
 
 
Table 4.3 Assignments of vibrational modes – undecylenic acid 
Frequencies (cm-1) 
PSi after modification 
For 2 hrs For 5 hrs 
Assignment (9-10,13,18-19) 
- 3076 (vw) =CH2 st (sp2) (3095-3075) 
2927 (s) 2928 (s) asy CH2 st (sp3) 
2855 (s) 2855 (s) sy CH2 st (sp3) 
2251 (w) 2253 (m) Si-O st of O3SiH 
- 2139 (vw) Si-O st of O2SiH2 
2098 (w) - Si-H st 
1709 (vs) 1710 (vs) C=O st (H-bonded) (1740-1650) 
- 1646 (w) C=C st (sp2) (1650-1635) 
1460 (m) 1463 (m) CH2 bend (sp3) (1475-1450) 
1412 (m) 1416 (m) 
1276 (w) 1287 (w) OC-OH st/ OC – OH bend (1440-1210) 
1150 (s) 1156 (s) Si-O st due to bulk Si-O-Si 
1070 (s) 1067 (s) Si-O anti-symmetric st of surface Si-O-Si 
834 (m) 878 (m) Si-O-Si symmetric st 
722 (w) 724 (w) CH2 γ (sp3) (770-720) 
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The FTIR spectrum of pure undecylenic acid exhibits the characteristics 
vibrational peaks of O-H, C=O, C=C, C-O groups in the range of 3400 - 2400cm-1, 
1730 -1700cm-1, 1660 -1600cm-1, and 1320 – 1210cm-1 respectively (9). 
The very broad band centred at 3000cm-1 in spectrum (a) in Fig. 4.7 can be 
assigned to stretching vibration of the O-H group. The broadening of this band may 
be due to the formation of intermolecular H-bonds. The strong double peaks at 2927 
and 2855cm-1 which overlap with the O-H broad band are due to the C-H stretching 
vibrations. The very strong peak at 1709cm-1 can be assigned to the stretching 
vibration of the carbonyl (C=O) group. The absence of any C=C deformation modes 
of undecylenic acid after the modification (Fig. 4.7(a)) indicates the rehybridization of 
the terminal alkene group from sp2 to sp3. In addition, the presence of an extremely 
broad band in the region of 3500 – 2500cm-1 together with very strong  C=O 
absorption certainly indicate the presence of a carboxylic acid group on the PSi 
surface.  
 From Fig 4.7, it can be seen that both the number of bands and their intensity 
depend on the reaction time. It is observed that the absorption intensity of υ Si-Hx and 
δ Si-H2 decreases substantially with the reaction time, whilst those of the undecylenic 
acid increase. However, the growth of Si – O bands indicate that oxidation of PSi 
competes with alkylation. 
 As shown in spectrum (b) of Fig 4.7, two additional peaks at 3077cm-1 and 
1644 cm-1 appeared at long reaction times, which can be assigned to sp2 hybridized C-
H vibration. This implies either physisorption of undecylenic acid onto PSi or reaction 
via the acid group instead of alkene group. The reaction via acid group could form Si 
– O – O – (CH2)n  – CH2 = CH2 leaving behind the unreacted alkene group. However, 
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physisorption of undecylenic acid can be ruled out because both peaks remain even 
after freeze drying the samples, which involved a high vacuum.  
 As reported by J.M. Buriak (17), about 5—55% of the surface hydrides on flat 
silicon surface are replaced during alkene thermal hydrosilylation. However, FTIR 
spectra of PSi modified with undecylenic acid for 5 hrs reveals that about 70% of Si-
H bonds on the PSi surface were substituted by the alkyl chains. The FTIR results also 
clearly show that the thermal reaction of undecylenic acid proceeds with consumption 
of surface H rather than attacking Si-Si back bonds, similar to the mechanism 
proposed in Section 4.3.1.1 (Fig 4.6) 
  
4.3.2 Surface oxidation 
 Direct morphological evidence was collected from SEM images, whilst the 
























 Fig 4.8 shows an FTIR spectrum taken after thermal oxidation of PSi in a tube 
furnace, as described in Section 3.3.2.1. As expected, vibrational peaks due to Si – Hx 
modes completely disappear. Instead, there is an increase in intensity of the peak 
around 1087cm-1 and its shoulder. This very strong peak corresponds to the bulk 
interstial Si – O – Si asymmetric stretching mode (20). Apart from this peak, there is 
another strong peak at 804cm-1 which can be assigned to symmetrical stretching of Si 
– O – Si bond (20). Both, the disappearance of Si – Hx related peaks and significantly 
enhanced intensity of Si – O related peaks are evidence of the complete conversion of 
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Fig 4.9 SEM images of oxidized PSi and ‘as prepared’ PSi for the comparison (a) 
oxidized PSi at 10 μm (b) oxidized PSi at 2 μm (c) as prepared PSi at 10μm 
 
 Fig 4.9 (a) and (b) shows the plan view of PSi after thermal oxidation at 
different magnifications, from which it can be seen that the porous nature of the film 
is preserved.  Therefore the heating and cooling cycles did not induce any thermal 
cracks. In addition SEM images revealed that compared to ‘as prepared’ PSi (Fig 4.9 
(b)), oxidation reduced the pore size, while the pore walls become thicker.  
 
4.3.3 Silanisation of PSi 
4.3.3.1 Surface modification 
 PSi surface after piranha treatment causes the appearance of a broad 
absorption band centred at 3500cm-1 in the FTIR spectrum (not shown) which is due 
to stretching of H-bonded Si-OH group on the PSi surface. Also bands appeared at 
950cm-1 and 882cm-1 that can be assigned to bending mode of Si-OH. However, the 
presence of a strong doublet around 1100cm-1 indicates that a considerable amount of 
oxidation occurred during piranha treatment.  
 After modification of piranha treated PSi (i.e. OH rich PSi) with APS the 
FTIR spectrum exhibits several new bands as shown in Fig 4.10, which are assigned 
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as tabulated in Table 4.4. The new features in the FTIR spectrum (Fig 4.10) occur in 









Fig 4.10 FTIR of APS modified PSi dried under N2 and stored under N2 
  
Table 4.4 Assignment of bands in FTIR spectrum of APS modified PSi in N2 
Bands Assignment Reference 
3700-3000  
(broad) 
H-banded Si-OH (St) 21 
3359 
3295 
NH2 asy st 




sp3 CH st (2850-2950cm-1)  
1638 NH bend (1640-1560 cm-1)  
1598 Free NH2 (≈1595cm-1) bend 21-22 
1474 
1445 
CH2 bend (1475-1950cm-1) may be more than one band or 
CH3 bend (asy) (1470-1430cm-1) 
 
1411 C-N st of CH2-NH (weak) (≈1410cm-1) 23 
1388 CH3 bend (sy) (1395-1365cm-1) or bicarbonate salt 24-25 
1311 CH2 bend  
1206 C-N st (1250-1000cm-1)  
1188 asy st of oxidized PSi 26 
1117 Si-O asy st of Si-O-Si due to chemisorbed APS 21,23 
1040 Si-O st of Si-O-Si due to intermolecular bonding / Si-O asy 
st of Si-O-Si due to oxidized psi(1090-1030cm-1) 
21,23 
927 Si-O bend of free Si-OH 22-23,27 
768 
694 














The absorption bands at 3359cm-1 and 3295cm-1 are due to asymmetric and 
symmetric stretching of NH2. The broad underlying band between 3700-3000cm-1 is 
due to H-bonded Si-OH, the presence of Si-OH being confirmed by the peak at 
927cm-1 that arises due to its bending mode. The presence of these residual amounts 
of Si-OH on the surface could be due to unreacted Si-OH group in APS either because 
of steric hindrance restricting access into the porous matrix or because of the lack of 
sufficient silanol groups on the PSi surface for complete reaction. The presence of H-
bonded or free NH2 on the surface is confirmed by the peaks at 1638  cm-1 and at 
1598cm-1 which are due to bending modes NH groups and free NH2 respectively. The 
bands at 2931cm-1 and 2876cm-1 are attributable to the methyl group in the propyl 
chain. In addition, the bands at 1474, 1445 and 1311cm-1 are due to asymmetric and 
symmetric bending of CH2 groups.  
 The bands at 1388cm-1 and 1330cm-1 can either be assigned to bicarbonate salt 
or CH3 bending in the methoxy group. However, the absence of NH3+ deformation 
mode at 1570cm-1 and 1488cm-1 rules out the presence of bicarbonate salt structure.  
 The FTIR spectrum in Fig 4.10 shows an intense very broad band (almost 
200cm-1 wide) around 1100cm-1 with a few unresolved peaks at 1188cm-1, 1117cm-1 
and 1040cm-1. The band at 1188cm-1 is assignable to asymmetric stretching of Si-O-Si 
in oxidized PSi. The band position of Si-O-Si asymmetric stretching mode is different 
for chemisorbed silane and for polymerized products. Chemisorptions occur via 
reaction of APS with silanol group on the surface. The Si-O peak related to 
chemisorbed silane lies at about 1117cm-1 (28) while the peak at 1040cm-1 is due to 
Si-O stretching of polymerized products which are not covalently bonded to the 
surface but are intermolecular bonded APS through Si-O-Si bonds (21). The 
 126
broadening of this band is due to formation of multi layers of APS as shown in Fig 










Fig 4.11 SEM micrograph of APS modified PSi showing formation of multilayers 
 
 In addition the spectrum displays characteristic bands at 1411cm-1 and 
1206cm-1 for stretching of C-N and for Si-C at 768cm-1 and 694cm-1. However, the 
absence of Si-N stretching mode in the spectrum rules out reaction via amine groups 
instead of the OH group in APS.  
 However, if not handled under N2 atmosphere during fabrication, storage, 
transport or testing, APS modified PSi samples are susceptible to degrade which 
changes surface properties (Fig 4.12 and Table 4.5).  
Several molecular processes may impact the functionality of amine surfaces. 
In particular exposure to atmospheric CO2 can modify surface NH2. The reaction of 
CO2 with amine forms carbonate in dry air Equation [4.5] (29-30). 
 












Since a surface NH2 group is capable of forming three H-bonds (31) it has a high 
affinity to moisture, so it can easily absorb moisture from humid air. This means that 
carbonate ions further react to form bicarbonate (Equation 4.6) (32). 
 
R-NH-COO- RNH3+ + 2H2O + CO2   R NH3+HCO3-  
[4.6] 
Due to this protonation of the NH2 group, surface properties changes (i.e. surface with 
free amine functionality exhibits hydrophilic characteristics while protonated surface 
shows hydrophobic characteristics (33).  
 Table 4.5 shows that the FTIR bands at 1638cm-1, 1565cm-1, 1491cm-1, 
1386cm-1 and 1332cm-1 are associated with the formation of a bicarbonate salt 
structure. These bands are either absent or very weak in Fig 4.11(a), confirming the 
impact of moisture and CO2 during storage in air. The amount of bicarbonate salt 
present on the surface increases with increasing storage time (compare Fig 4.12(a) 
and (b)) and it comes to a plateau after two weeks, at which time no free NH2 remains 
on the surface, as indicated by the absence of NH2 related peaks in the FTIR spectra 
(not shown). In contrast, no obvious structural changes can be observed in the FTIR 





























Fig 4.12 FTIR spectra of APS modified PSi (a) taken on same day as modified (b) 
taken after 2 weeks from modification 
 
 
Table 4.5 Assignment of bands in FTIR of APS modified sample  
stored in normal atmosphere 
Day 1 
cm-1 







St. of H-bonded Si-OH 
3363 Not obvious Asy. st. of NH2 
3296 Not obvious Sy. st. of NH2 
1648 1638 NH bend or bicarbonate salt 
1601 - H-bonded NH2 
- 1565 
- 1491 





Fig 4.13 shows the instability in the impedance of APS modified sensors with 
storage time, due to the impact of CO2 and moisture on primary amine group on the 
surface. The decrease in impedance after two weeks is not thought to be caused by 
structural changes in the APS layer but rather due to the condensation of moisture on 
the surface which introduces an extra channel for conduction.  
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Fig 4.13 Variation of impedance of APS sensor, stored in ambient air, with time  
 
4.3.3.2 Optimization of reaction conditions 
 A lack of reproducibility in film quality arises due to acute sensitivity of APS 
to reaction conditions, such as its concentration, the amount of H2O in the solution, 
reaction time, drying environment and post heating.  Therefore the effect of each 
reaction condition on film quality, i.e. the amount of primary amine present on the 
surface, were investigated and optimized for sensor applications.  
  
(a) APS concentration 
 The concentration of a coupling agent in the solution is known to affect the 
amount of material absorbed/deposited on a substrate (21). Therefore the effect of 
APS concentration on primary amine content on the surface was studied by 
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* Degree of hydrolysis is defined as the number of methoxy groups that have been hydrolysed 
so that they are reactive towards formation of siloxanes.  
comparing surfaces modified at concentrations of 2.5, 5, 10 and 40 (v/v)% in toluene. 
Reaction temperature, reaction time and water content were kept constant.  
 It is well known that the integrated absorbance in FTIR is proportional to 
density of molecules on the surface. Therefore the amount of NH2 moieties on the 
surface was evaluated by taking percentage absorbance of NH2 (1598 cm-1) ratio to 
that of CH2 (2931 cm-1). Fig 4.14 shows a plot of normalized integrated absorbance of 
NH2 bending mode at 1598cm-1 against solution concentration.  
Even though number of APS molecules in the solution varies with its 
concentration, the effective number of APS molecules available for reaction actually 
depends on the number of water molecules present as this limits the degree of 
hydrolysis*. Therefore one would predict that a plateau after a gradual increase in the 
amount of NH2, a plateau will form once the H2O content become the limiting 
component (Fig 4.14 (a)). However, as shown in Fig 4.14 (b), although the coverage 
of NH2 species does initially increases rapidly with APS concentration, it reaches a 
maximum at 5% and then it starts to decline. This decline is believed to be due to NH2 
catalysed polymerization of APS; this will be described in detail in Section 4.3.3.2(b). 
This idea was supported by the observation that large aggregates formed in the 
solution at high APS concentrations. Deposition of these aggregates causes disordered 
films and a lack of reproducibility (Fig 4.15). Therefore the APS concentration in the 
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Fig 4.14 Relationship between normalized absorption intensity of NH2 













Fig 4.15 SEM image of APS modified PSi from 40(v/v)% APS solution which 


















(b) Water content 
It is known that the amount of water present in alkoxy silanes affects the 
hydrolysis of the alkoxy moieties. In the complete absence of water in an APS 
solution, methoxy groups cannot be hydrolysed. One water molecule is required for 
hydrolysis of one methoxy group which produces one molecule of methanol as shown 







As described in Section 4.3.3.1, the band around 1110cm-1 represents the 
formation of up to a monolayer of silane on the surface by chemisorption via Si-O-Si 
bonds. However, this band broadens out and shifts its maximum to 1130cm-1 if 
multilayers form. Therefore, the peaks at 1110cm-1 or 1130cm-1 were taken into 
account to investigate the dependency of chemisorption on water content. Likewise, 
the peak at 1080cm-1, due to methoxy group, is considered to analyse the degree of 
hydrolysis of methoxy groups in APS. Fig 4.16, curve 1 shows the amount of 
methoxy group present on the surface as a function of water concentration; this is 
established as the change in height of the peak at 1078cm-1 normalized to that of the 
CH2 peak. The degree of chemisorption can be defined as the number of APS 
molecules covalently bonded to the surface via formation of siloxanes, which is 
established from the height of the peak at 1110cm-1 normalized to that of the CH2 
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concentration. It is seen that chemisorption comes to a plateau once all the methoxy 











Fig 4.16 (i) Amount of methoxy groups on the surface as a function of water content 
(ii) Degree of chemisorption against water concentration. Each determined from the 
magnitude of their respective FTIR bands 
 
Table 4.6 shows the approximate number of water molecules and methoxy 
groups present in 100 ml of 5% APS solution. When the water content exceeds 
1.875%, the number of methoxy groups is less than the number of water molecules in 
the solution, so complete hydrolysis is expected. This is excellent agreement with the 
experiment plots in Fig 4.16 that are based on the FTIR spectra.  
 
Table 4.6 Calculated number of water molecules, APS molecules and methoxy 
groups in 100 ml of 5% APS in toluene 
Water concentration 
(v/v)% 
No of water 
molecules 
No of APS 
molecules (x) 
No of methoxy 
groups (3x) 
0.2 6.7 x 1021 
0.6 20.9 x 1021 
1.25 41.8 x 1021 
1.875 62.7 x 1021 
2.5 83.6 x 1021 
 
 
17.25 x 1021 
 
 


















Even though water is essential for hydrolysis, its presence makes control over 
polymerization difficult, as the aminopropyl group self catalyses both reactions; 
chemisorption (Scheme 2) and polymerization (Scheme 3). These polymerized 
products can either react with surface silanols or condense onto the surface. Fig 4.17 











Fig 4.17 SEM image of PSi modified with 5% APS in toluene containing 0.6% DI 
after which shows the polymerised products of APS after 
condensation/chemisorptions 
 






























































Fig 4.18 shows the primary amine content on the surface as a function of water 
concentration, which is established as the height of NH2 peak at 1598cm-1 normalized 
to that of CH2 peak. Although it was expected that more NH2 moieties would appear 
on the surface at higher DI water content in accordance to Scheme (2) and (3) (via 
chemisorption or via self catalyzed polymerization), Fig 4.18 shows a maximum at 
0.6 (v/v) %. This could be due to polymerization catalysed by primary amine groups, 
leading to the loss of NH2 groups as shown in Scheme (4). Unfortunately, it is 
difficult to confirm Scheme [4] from the presence of Si-NH on the surface by 
analysing FTIR spectra because there are many unresolved peaks in the region of 
1600 to 900cm-1. However, 0.6 (v/v) % was taken as the optimum water quantity for 
5% APS in toluene solutions to achieve the largest number of primary amine groups 
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Fig 4.18 Relationship between surface primary amine content on PSi modified with 




(c) Reaction time 
 PSi surface is modified from 5% APS in toluene containing 0.6% DI water 
content at room temperature for different time periods. Fig 4.19 exhibits cross-section 
SEM images of cross section of PSi obtained after modification for 3hrs, 5hrs and 
7hrs. Chemisorbed or polymerized APS molecules can be observed after 5hrs of 
modification, but not after 3hrs. The absence of APS modified PSi after 3hrs was 
confirmed by FTIR spectroscopy (not shown). Although no major differences can be 
seen in the cross sectional views of 5hrs and 7hrs, their topographical views are 
considerably different (Fig 4.20). There is clearly less APS molecules presents on the 
5hrs sample compared to 7hrs sample. However, the SEM images show that in both 
cases the porous nature of the samples is preserved. Therefore 7hrs was chosen as the 
optimum reaction time, as this has a large number of APS molecules on the PSi 





































Fig 4.19 SEM cross sectional views of PSi modified in 5% APS in toluene with 0.6% 
DI water at room temperature for (a) 3hrs (b) 5hrs and (c) 7hrs  
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Fig 4.20 SEM topographical view of PSi modified in 5% APS in toluene with 
0.6% DI water at room temperature for (a) 5hrs and (b) 7hrs under SEM 
 
(d) Effect of post heating at 800C 
 The effect of post heating was investigated by examining samples under FTIR 
spectroscopy. When the sample was kept at 800C for 30min all the peaks associated 








































Fig 4.21 FTIR spectra of APS modified PSi (a) stored in atmospheric air for one week 
(b) same as (a) after heating at 800C for 30 minutes  
 
 
The region of interest in the FTIR spectra lies between 1650cm-1 to 1300cm-1. As 
assigned in Table 4.7, FTIR spectrum before heating shows bands at 1568cm-1 and 
1488cm-1 which are due to NH3+ deformation mode of the salt structure and a band at 
1626cm-1 due to HCO3-. Also the band at 1330cm-1 can be assigned to bicarbonate 
salt, although this also contains a contribution from the CH2 bending mode of the 
propyl chain in APS.  
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1626 - Assy. St of bicarbonate salt 21,24,25 
- 1605 H-bonded NH2 22 
1568 - NH3+ deformation (assy.) 21-22, 24-25 
- 1545 NH2 bend (1650-1550cm-1) 21-22, 24-25 
1489 - NH3+ deformation (sy.)  
- 1470 CH2 st. (1475-1450cm-1)  
- 1412 C-N st (~1410cm-1)  
1384 1389 Bicarbonate salt or CH3 bend (1395-1365cm-1)* 24-25 
1330 1333 Bicarbonate salt or CH2 bend 21-22, 24-25 
*from non-hydrolysed methoxy group 
 
 As it can be seen in Fig 4.21(b), heating causes the disappearance of the bands 
related to bicarbonate salts and NH3+ deformation modes and the appearance of a new 
peak at 1605cm-1 due to stretching mode of NH2 H-bonded to Si-OH. This confirms 
that heating causes the desorption of CO2 and the recovery of the primary amine 
structure.  
 
4.3.3.3 Effect of drying environment  
 The results of drying of APS modified PSi in normal air and in a N2 
atmosphere are shown in Fig 4.22. The main area of concerned in these FTIR spectra 
is the bands assignments in the region of 1700-1200cm-1, as tabulated in Table 4.8. As 
determined by Naviroj et.al.(24), the complexity of the bands in this region when 
dried in air (Fig4.22(a)) is due to formation of the bicarbonate salt. The shoulder at 
1639cm-1as well as the bands at 1385cm-1 and at 1332cm-1 in spectrum (a) are 
associated with bicarbonate salt; a fraction of the band 1332cm-1 could be due to CH2 
bending mode of the propyl chain. The strong bands at 1566cm-1 and 1488cm-1 can be 


















































Fig. 4.22 APS modified PSi (a) dried in normal air (b) dried in N2  
which provides CO2 free environment 
 
Table 4.8 Assignment of FTIR bands in APS modified samples dried in air or N2 
Dry in air Dry in N2 Assignment Reference 
1626 1647 Assy. st. of bicarbonate salt (~1640) 21, 24-25 
- 1598 Free NH2 bending  20,21 
1566 - NH3+ assy. deformation  21,22,24,25 
1488 - NH3+ sy. deformation 21,22,24,25 
- 1475 CH2 st (1475-1450)  
1412 1412 C-N st. (w) (~1410)  
1385 1388 Bicarbonate salt/ CH3 bend (1395-1365cm-1) 24-25 
1332 1313 Bicarbonate salt sy. st. or CH2 bending 21,22,24,25 
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 However, when the sample is dried in a CO2 free environment (Fig 4.22(b)), 
the bands due to the salt are almost absent, being replaced by the free NH2 bending 
mode at 1598cm-1. Nevertheless, the presence of shoulder at 1647cm-1 and very weak 
peak at 1388 cm-1 illustrate the difficulty of complete elimination of interaction of 
CO2 with the amine surface.  
 Also note that the Si – OH band shift from 922cm-1 for samples dried in air to 
932 cm-1 for N2 dried samples. This might be due to the formation of stronger H-
bonds in the N2 dried samples, due to the presence of free NH2 groups.  
 
4.3.4 Bio-conjugation  
 Bio-conjugation process started with modifying freshly prepared macro PSi 
with 10-undecene-1-ol by thermal hydrosilylation; which provides an OH rich 
surface. This was followed by activation with the cross linker CDI (N N’ 
Carbonyldiimidazole). Once the PSi surface is enriched with bio-active cross linker, 
protein is attached. The detail description of surface characteristics for each step is 
given in Sections 4.3.4.1 to 4.3.4.3.  
  
4.3.4.1 Thermal hydrosilylation of 10-undecene-1-ol 
The PSi surface after thermal hydrosilylation with 10-undecene-1-ol was 
characterized by transmission FTIR. The resultant FTIR spectra taken after different 
experimental conditions (samples either kept at 170 0C for 2hr or 7hrs with the 
modifier in ‘as received condition’ or at 170 0C for 5hrs with the deoxygenated 10-
undecene-1-ol) are illustrated in Fig 4.23 and the detail absorption peaks are assigned 



























































Fig 4.23 FTIR spectra taken after modifying (a) freeze dried PSi at 170 0C with  
10-undecene-1-ol in; as received condition’ for 2hrs; (b) same as (a) for 7hrs; (c) N2 




Table 4.9 Assignment of vibration modes – 10-undecene-1-ol functionalization 
Frequencies cm-1 
PSi after functionalized 
With 10-undecene-1-ol in 
‘as received condition’ 
 
With de-oxidized  
10-undecene-1-ol 
For 2 hrs For 7 hrs For 5 hrs 
 
Assignment  (13) 
3356 3368 3362 H-bonded OH st  
(3400-3300) 
- - 3078 =CH2 st  (3095-3075) 
2924 2924 2926 CH2 asy st 
2852 2855 2854 CH2 sy st 
2239 2264 - Si-O st of O3SiH 
2188 - - Si-O st of O2SiH2 
2118 - - Si-H st of SiH2 
  2103 Si-H st 
- - 1641 C=C st  
1465 1462 1465 CH2 bend (1475-1450) 
1378 - 1370 CH3 bend (sy)  
(1395-1365) 
- - 1126 Si-O st due to bulk Si-O-Si 
1055 1085 1057 Si-O anti-symmetric st 
 of surface Si-O-Si  
 - 909 Si-H2 bend 
833 880 - Si-O-Si symmetric st 
720 - 722 CH2 γ (770-720) 
 
It can be seen in all the spectra that the intensity of υ (Si – Hx) absorptions 
decreases over the course of reaction. Concomitantly, a broad absorption at around 
3350cm-1 grows in. The other pertinent features include the υ (C – Hx) of long alkyl 
chain at around 2920 cm-1 and 2850cm-1 and their bending modes at 1460cm-1 and 
1370cm-1. These results imply reaction between 10-undecene-1-ol and PSi surface 
occurs via consumption of Si – Hx.  
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 As observed in FTIR spectra (a) and (b) of Fig 4.23, the strongest absorption 
occurs at around 1050 cm-1, which is due to the asymmetric stretch of Si – O – Si 
bond. However, concomitant loss in intensity of this broad band was observed in 
spectrum (c). This is probably due to the different reaction conditions involved (use of 
N2 dried PSi; negligible prior oxidation and use of deoxygenated modifier which 
eliminates dissolved O2 in the modifier).  
 In addition, spectrum (c) two additional peaks, not seen in (a) and (b), one in 
the range of 3100 – 3000cm-1 and the other at around 1640cm-1. These can be 
assigned to stretching and bending vibration of C = C double bond, indicating the 
possibility of physisorption of the 10-undecene-1-ol or reaction via O – H group in 
addition to the more reactive double bond at the other end of the carbon chain. The 
presence of alcohol in a physisorbed state can be ruled out by lack of intensity of 
these bands in spectrum (b) which was collected after a longer reaction time and 
retaining of these bands upon exposure to vacuum.  
In addition, evidence for the reaction between the O – H group and surface 
hydride can be found based on the FTIR observations. The extended exposure of 
freeze dried PSi to the alcohol did not result any absorption bands related to the C = C 
double bond, indicating that no reaction has occurred. As there are only a limited 
number of Si-Hx present in the freeze dried PSi due to the prior oxidation (compared 
to blown N2 dried PSi samples) all these react with the more reactive C = C double 
bond, leaving no Si-Hx free to react with the O – H groups. Thus, the results 
demonstrate that both reactions occur with cleavage of Si – H bonds rather than Si – 
Si back bonds and that reaction between surface hydride and O – H is slower than that 
of surface hydride and C = C double bond. This may be due to the hydrophobic nature 
of the PSi surface. 
 147
However, it is difficult to find any IR absorption band related to Si – O – C 
band because of the overlapping of the strong and broad asymmetric stretching Si – O 
– Si band. Additionally further investigation is required to determine if the reaction 
mechanism is based on homolytic cleavage of the Si – H bonds or due to the 
nucleophilic attack of the C = C double bond (This is beyond the scope of this thesis).  
 
4.3.4.2 Activation of OH rich surface with CDI 
 As mentioned in Chapter 4.3.4, N N’ Carbonyldiimidazole (CDI) was 
used to mediate the conjugation of OH rich PSi with the bio-molecules (protein-BSA- 
Bovine Serum Albumin). The activated surface was also characterised by 
transmission FTIR.  
 Fig 4.24 displays a spectrum of hydroxyl terminated PSi after activation with 
CDI in dry acetone at room temperature. The spectrum shows the complete 
disappearance of the broad band due to the OH group (around 3350cm-1) and the 
appearance of several new peaks related to the imidazole carbamate as assigned in 
Table 4. 10. A very strong peak at 1763cm-1 can be assigned to the stretch of the C=O 
bond. In addition, a low intense peak at 3138cm-1 is attributed to the C-H stretching 
mode of imidazole group (i.e. C2-H, C3-H and C5-H*). The bands at 2923cm-1 and 
2852cm-1 correspond to the C-H stretching vibration of alkane attached to the PSi and 
peak at 1467cm-1 can be assigned to deformation vibration of the same C-H groups. 
However, it is difficult to assign peaks in between 1500cm-1 and 1000cm-1 to a one 












































Fig 4.24 After the activation of 10-undecene-1-ol modified surface with CDI (a) 
Frequency range (3700 to 1700cm-1) (b) Frequency range (1700 to 500cm-1) 
 
 
 Nevertheless, the absence of an OH stretch at 3350cm-1, the presence of a 
complicated band structure (appearance of a large number of new peaks) after 
activation are consistent with a significant fraction of the OH rich surface reacting 
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Table 4.10 Assignments of vibration mode – activation of 10-undecene-1-ol  



























CH st of aliphatic chain (CH2)n 
2093 Remaining Si-H  (Unreacted) 
1763 C=O st 
1527 N1-C=O sy st, C2C3 st, N4C5 st and/orC3H st 
1467 Aliphatic CH2 bend, N4C5 st, C5H bend, C5N1 st, C2H 
bend and/or C2C3 st 
1404 N1C2 st, C5N1 st  and/or C2C3 st 
1375 C2C3 st 
1319 N4C5 st, C3H bend and/or C3N4 st 
1290 C5H bend, C3H bend, N4C5 st and/or C2H bend 
1239 C-O-C asy st 
1172 Si-O st due to bulk Si-O-Si ,C3N4 st and/or N1C2 st 
1093 C5N1 st, C2H bend, C2C3 ST, C3H bend and/or C5H bend 
1003 Si-O-Si st 
906 Si-H2 bend  
832 Si-O-Si sy. st,  γC3H, γC5H, γC2H 
769 Si-Cor aromatic CH 
747 γC3H 


















4.3.4.2.1 Effect of CDI concentration in dry acetone  
 To maximize the active groups (carbomate imidazole) on PSi surface, the 
effect of dry CDI concentration (w/v %) in dry acetone was investigated. The relative 
height of the C=O stretch at 1763cm-1 (H1763 cm-1) was taken as a measure of the active 













Fig 4.25 Variation of C=O stretch on the activated PSi surface with  
concentration of CDI in the solution 
 
 
Although it was expected that more C=O groups would appear on the surface at 
higher CDI concentration in accordance to Reactions [4.7], Fig 4.25 shows a 
maximum in between 3.75 and 5 (w/v)%. This could be due to the presence of a 
limited number of OH groups on PSi surface or due to steric hindrance. Therefore, 
3.75 (w/v %) in dry acetone was taken as the optimum effective concentration.  
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4.3.4.2.2 Stability vs. hydrolysis of active group 
 The stability of the active CDI group on PSi surface in ambient air was 
investigated by storing the CDI activated PSi in ambient air for one week. Fig 4.26 
shows the spectra of PSi taken immediately after drying and after storing the same 
sample for 7 days in ambient air. As can be seen the relative height of C=O stretch 
(H1763 cm-1) reduced from 15.8 a.u. to 6 a.u., which is about 61% decrease in the 
intensity of C=O stretch. This is probably due to the hydrolysis of carbamate 
imidazole due to humid air (Equation 4.8); suggesting the instability of carbamate 

















































Fig 4.26 FTIR spectra taken after activation of 10-undecene-1-ol modified PSi with 




4.3.4.2.3 Reactivity of imidazole carbamate towards primary amine 
 Fig 4.27 depicts the FTIR spectrum of CDI activated PSi after reacting with 
hexamethylene-di-amine (HMDA-a primary amine). The spectral assignments were 
carried out according to the previous studies (35). As expected, the C=O vibration at 
1763cm-1 was red shifted to 1697cm-1 due to amide I vibration. In addition, the peaks 
at 1538cm-1 and 1465cm-1 can be assigned to amide II and amide III. Therefore it was 
concluded that imidazole carbamate is highly reactive with primary amine and hence 


























Fig 4.27 FTIR spectrum of PSi sample after reaction of CDI  
activated surface with a primary amine  
 
4.3.4.3 Immobilization of the protein (BSA) 
 As mentioned in the chapter 3.2.2.3.1, CDI activated PSi provides a 
surface onto which protein can be immobilized (Fig. 3.5, Chapter 3). However, it will 
be demonstrated that immobilization of protein onto this surface is not as simple as 
earlier example illustrated in Fig 3.5,  as it is governed by various experimental 
conditions such as pH of the solution, incubation time, temperature and solution 
concentration. In addition, the PSi morphology seems to play an important role.  
The FTIR of pure BSA shows characteristic features at 1634(s) *cm-1, 1528(m) 
*cm-1 and 1451(w)*cm-1 which correspond to amide I, amide II and amide III 
respectively (36-41). After incubating the CDI activated micro-PSi (CAMP) with 
protein, it was examined by FTIR spectroscopy.  
It can be seen from Fig 4.28, FTIR spectra of CAMP after incubation with 
BSA exhibits the bands related to amide I (at 1652cm-1) and amide II (at 1526cm-1). 
However, both of these are very weak and disappeared after being stored at room  
* (s), (m), (w) are referred to strong, medium and weak respectively, which indicate the intensity 













temperature for a week, suggesting that BSA was only physisorbed onto the surface. 
Apart from these two small amide bands, the FTIR spectrum looked very similar to 
that of CAMP (i.e. compare Fig 4.24 with Fig 4.28). This also suggests that no 
hydrolysis of imidazole carbamate occurred, due to its ease of hydrolyse in aqueous 
medium. In addition, it implies that no reaction occurs between the imidazole 
carbamate on the PSi surface and the primary amine present in BSA even though, the 
reactivity of imidazole carbamate towards the primary amine was demonstrated in 
Section 4.3.4.1. This might be due to the large protein molecules, 4 x 10 x 14 nm3 in 
its ellipsoindal form, which is larger than the most of the nano pores in PSi (42) being 
unable to enter the inner active surface of the PSi matrix. Hence it is quite likely that 
protein molecules clog up the pores during the early stage of the incubation 
preventing further diffusion of the BSA in PSi matrix. Alternatively, it might be due 
to capillary phenomena as all the experiments were carried out in aqueous medium 
where the surface tension is very high. Fig 4.29 shows the FTIR spectra of CDI 
activated PSi after incubating with BSA, from which it is clear that pore size of the 


















































Fig 4.29 FTIR taken after incubating the CDI activated PSi with protein (a) 
macro PSi, (b) micro PSi (different scales were used for clarity) 
 
It can be seen in Fig 4.29(a) that when macro-PSi is used, the new bands 
appear at 1659cm-1, 1550cm-1 and 1458cm-1, which can be assigned to amide I, amide 
II and amide III respectively. In addition, compared to the micro-PSi case in Fig 
4.29(b), the amide I at 1659 cm-1 and amide II at 1550cm-1 are much stronger. These 
relatively strong amide bands are clear indications of covalent attachment of BSA 
onto the surface of macro PSi. It seems that macro pores provide sufficiently wide 
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channels for transporting the protein macro molecules to the active sites. However, 
the strong band at 1767cm-1 is due to the stretching mode of the C=O group in 
imidazole carbamate on PSi, which indicates that not all activated sites have reacted 
with protein. This could still be due to steric hindrance caused by the BSA 
macromolecules.  
 
4.4 Testing of sensor 
4.4.1 Modelling of PSi  
 Different theoretical models which determine the dielectric function of PSi can 
be found in the literature (43-49). Most of these are based on traditional the Maxwell-
Garnett model (43) and Bruggemen method (44) that describes the dielectric 
performance of two phase composite semiconductors (45, 47-49). However, the 
Maxwell-Garnett and Bruggemen approximations are too simplistic to describe the 
dielectric properties of PSi. Pan et.al.  (50) developed a theoretical model called 
serial-parallel capacitor model to explain the dielectric performance of PSi. This 
model can be considered as a variant of the models suggested by Xiao et. al. (51) to 
describe the effective permittivity of porous silicon. In Xiao’s model it is 
demonstrated that shape of the pores, their size and size distribution have insignificant 
effect on the permittivity (Appendix B). Furthermore these authors were able to 
identify that porosity is the major factor that controls the effective permittivity (51). 
Therefore Pan’s model can be considered as independent of pore morphology and it 
gives the dielectric properties of PSi as a function of its porosity. This model is simple 
and straight forward yet capable of giving reasonable results to match experimental 
data. Therefore this model is used in the present work to analyse the experimental 
observations. 
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4.4.1.1 Adoption of serial-parallel capacitor model 
 In this model PSi is considered to be replaced by an equivalent parallel plate 
capacitor of capacitance Ceff (effective capacitance) containing dielectric medium 
with dielectric function of εeff. Also PSi is considered as a two phase medium 
composed of air inclusions placed uniformly inside a homogeneous Si matrix. i.e. a 
cuboid structure is assumed as shown in Fig 4.30 (c). Fig 4.30 (a) and (b) shows the 
simplified and isolated serial and parallel model respectively. Therefore cuboids 
structure of PSi is considered as a combination of serial and parallel capacitors across 
which a potential is applied. 
 Fig 4.31 shows the top view of an equivalent cuboids structure and it consists 
of five capacitors; two C1’s and two C2’s for Si and one Cp for the void.  N1 and N are 
the dimensions of the void cuboids and the full cuboids as shown in Fig 4.31. Porosity 


























      (c) 
Fig 4.30 (a) Serial model and (b) parallel model of PSi consisting of voids and Si 
plates (c) Serial-parallel model assuming PSi as a two phase medium composed of air 












Fig 4.31 Top view of the equivalent serial-parallel cuboids structure (50) 
 
By considering isolated serial model and parallel model, equivalent capacitors 
network can be illustrated as in Fig 4.32.  
E 





Equivalent crystalline Si 
C1 










Fig 4.32 Equivalent capacitor network 
 
Hence the effective cell capacitance (Ceff) is given by  
 




      [4.9] 
The effective dielectric constant εeff can be written as; 
 
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Where   




























Np           
 
Where p  is the porosity, d  is the thickness of the PSi layer,  0 is the permittivity 
of dry air,  Si  is the permittivity of Si. Porosity of the PSi used in this work is 
approximately 80%. i.e. Void volume considerably larger than the remaining 
crystalline silicon.  
Therefore;  
N2-N12 ≈ 0 and hence N-N1 ≈ 0 
Therefore C2 ≈ 0 
So that capacitor network can be deduced to two capacitors in series. One capacitor 
Cp is due to pores and the other capacitor comes from the remaining crystalline Si 
rods and named as CR (i.e. CR = C1/2). Therefore, the equivalent capacitance of the 










4.4.2 Drop tests 
 Individual testing was performed as described in Section 3.4.2(a) on sensors 
modified with different functional groups as mentioned in Section 3.3. 
 
4.4.2.1 Sensor response curves 
 The shape of the impedance response curve is mainly determined by three 
factors; exposure, stabilization and evaporation. Three different zones can be 
identified in the response curve related to each factor as illustrated in Fig 4.33. The 
impedance decreases on exposure due to filling of pores, which provides a more 
conductive pathway. Thus the impedance falls to a minimum after exposure to the 
drop of solvent (exposure zone), comes to a plateau (stabilization zone) and 
subsequently starts to increase due to evaporation of target analyte (evaporation zone). 











Fig 4.33 Schematic representation of the typical response curve of the sensor 
 to a drop of solvent (target analyte) 
 
A- Exposure zone 
B- Stabilization 
zone 



















Drop size: 0.125 ml
Fig 4.34 shows the variation in a sensor’s impedance as a function of time after 
exposure to 0.125ml of (a) pentane, (b) ethanol, (c) methanol, (d) acetonitrile and (e) 
acetone at room temperature. It can be seen that when the sensor is exposed to a drop 
of pentane, a sharp peak is recorded, i.e. there is no stabilization zone, with a response 
time of less than one minute for pentane. This quick response could be due to fast 
wetting of the surface by pentane, due to its low surface tension followed by its rapid 
evaporation, due to its low boiling point. However, on exposure to the other solvents, 
all three zones can be seen.   
 However, there were still differences in the shapes of the response curves for 
the four solvents with the higher boiling points. For example: the acetone and 
acetonitrile curves both show rapid and full recovery in the evaporation zone. The 
response to methanol has a slow recovery, such that it is hard to distinguish the 
boundary between the stabilization and evapouration zones. In contrast the ethanol 
curve does show a clear boundary between the last two zones, but complete recovery 
to the original impedance value is not observed after evaporation. Nevertheless, a full 
recovery can be obtained by storing in a vacuum for an hour. 
   

















Drop size: 0.125 ml
Response to Methanol







Drop size: 0.125 ml
Response to Ethanol





















































Drop size: 0.125 ml










Fig 4.34 Impedance response curves of a 1-decene sensor with time when exposed to 
various target analytes (a) for pentane (b) for ethanol (c) for methanol (d) acetonitrile 
(e) for acetone 
 
 
4.4.2.2 Effect of drop size 
Not surprising the drop size affects the magnitude of the response of fast 
evaporating solvents to a greater extent than that of their slow evaporating 






























Fig 4.35 Influence of the drop size on the magnitude of the response of 1-decene 
modified sensors (a) for pentane and (b) acetonitrile 
 
Fig 4.35(b) also shows that the volume of target analyte is also influential to response 
time (i.e. time during which surface remains wet). However, the size of the drop is 
limited by the size of the sensor, a drop larger than 0.125 ml overflows. Therefore the 
drop size was standardized at 0.125 ml for the future tests. Although the area under 
the response curve gives a better evaluation of the sensor’s response to different target 
analytes, it is not easy to calculate, especially as there is an impedance shift in the 
ethanol response curve. i.e. the curves does not fully recover. Therefore, the height of 
the peak normalized to the initial impedance was taken as the sensor response; this 
normalization was applied to account for variation in the initial impedance of the 
fabricated sensors.  
 
4.4.2.3 Effect of separation distance between two back contacts 
 Fig 4.36 shows the variation in the average initial impedance of the sensor as a 
function of the width of insulating tape, i.e. the separation distance between the two 
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Average initial impedance of the sensor vs Masking layer width (MLW)































electrical contact points. A linear dependence of impedance on insulating layer 
thickness is found. The impedance increases by about a factor of 6 when the width 












Fig 4.36 Variations of average initial impedance of the 1-decene modified sensors 
with the width of insulating tape at the back side of the sensor 
 
 The insulating layer forces the current to flow through the Si substrate and 
across the PSi. Hence the contact separation distance determines the effective electric 
field distribution across the sensor and therefore the response of the sensor. As the 
impedance of the PSi is few orders higher than that of Si substrate, it is not surprising 
that the average initial impedance increases with the width of the insulating tape (Fig 
4.26). Given that the value of the sensors’ response is a function of its initial 
impedance, a large separation (i.e. large initial impedance) is desirable. However, the 
width of the separation was limited by the dimensions of the sensor. Therefore it was 
set to 2mm.  
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4.4.2.4 Effect of wafer resistivity and normalization of data 
 Fig 4.37 shows a simplified response curve for a sensor when it is exposed to a 










Fig 4.37 A simplified response curve of the sensor to a drop of target analyte  
 
(a) Normalized response method 
In this method the response was taken as the height of the peak normalized to its 




0    and this was named as the normalized response  Z N . 
This method was used to investigate the effect of wafer resistivity on the response. 
The mean response to each target analyte was calculated by taking the arithmetic 





















Z0 - initial impedance  
Z – Impedance after exposure 
to target analyte x 
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Where n is the number of sensors tested for target analyte x and the normalized 
response  NZ  of the ith sensor to target analyte x is given by; 
 









      [4.15] 
 
Fig 4.38 shows the mean response to each target analyte which is calculated for two 
types of sensors one set is made out of 0.01 Ωcm resistivity wafers and the other set 
from 18 Ωcm resistivity wafers. As can be seen in the bar chart, the values of the 
normalized response in two different types of sensors are very similar. Therefore it is 
concluded that normalized response is independent on wafer resistivity.  Hence the 
sensor response is independent of pore morphology. However, it is well known that 
pore size varies with wafer resistivity and it also determines the adsorption properties 
of PSi and hence is important in sensor application (52). For an example, PSi with 
small pores is not suitable for bio-sensors as the large bio molecules cannot enter into 
the pores. Therefore the selection of wafer was done cautiously even though the 
normalized response was found to be independent on wafer resistivity. 
 
(b) Peak height method 
In this method, peak height (Z0-Z) itself was taken as the response. To compare 
the effectiveness of the two methods of representing response, the sample standard 
deviation (S)* was calculated. As it is impossible to compare absolute values of S 
from each method, it was normalized to its mean and taken as a percentage (i.e. % 





SS ). Fig 4.39 shows % 







normalized sample standard deviations corresponding to the two different methods. 
The sensors used for this test were made from 0.01 Ωcm resistivity wafer.   Deviation 
of data from its mean is considerably higher in the case of peak height method than 
that of normalized response method. However, Fig 4.40 shows that there is no such a 
difference in %S* when the sensors are made from high resistivity wafers (18 Ωcm). 
Therefore it is concluded that normalized response method is more effective for low 















Fig 4.38 Mean response of high resistivity sensors (18 Ωcm) and low resistivity 

























Low resistivity sensors ( 0.01 Ohm
cm)
High resistivity sensors (18 Ohm cm)
Dependence of response of 1-decene modified sensors 












Fig 4.39 Percentage normalized standard deviation of response for low resistivity 














Fig 4.40 Percentage normalized standard deviation of response for high resistivity 
sensors (18 Ωcm) corresponding to normalized response method and peak height 
method 
 































Sample standard deviation of the responses of 1-decene odified sensors (18 
Ohm cm) to target analytes




























Sample standard deviation of the response of 1-decene modified sensors 








































CP - Capacitance due to pores filled with dry air          ZP - Impedance caused by CP
CR - Capacitance due to Si rods                                  ZR - Impedance caused by CR
RS - Resistance of the Si substrate                              ZS - Impedance caused by RS
4.4.2.5 Response of sensors (stored in ambient air) 
 The sensor surfaces modified by thermal hydrosilylation have properties 
primarily determined by the functional tail group and hence its response to different 
target analyte due to absorption is expected to be tailored by the tail group. 
Absorption can either be due to van der Waals interactions, due to dipole-dipole 
interaction or hydrogen bonding. In addition infiltration into the porous matrix will 
lead to a change in dielectric constant in pores. Therefore, the impedance response on 
exposure is a function of surface interactions, depth of infiltration and dielectric 
constant of the medium in the pores.  
As described in Section 4.4.1, pores and the Si matrix in PSi can be treated as 













Fig 4.41 Schematic of the PSi sensor in dry air and its equivalent circuit 
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Before exposing the sensor to any target analyte pores are filled with atmospheric air 
and hence the initial capacitance of the pores can be expressed as;  
dCP  0         [4.10] 
Therefore; 
dfZ P  0
1
2
        [4.16] 














1        [4.17] 
where d  is the thickness of the PSi layer , 0 is the permittivity of free space,  Si  is 
the relative permittivity of Si and f  is the frequency of the applied perturbation.  
Therefore, the total impedance of PSi  Z PSi)( is given by; 
ZZZ RPPSi )(         [4.18] 
The total initial impedance of the sensor  Z )0(  (i.e. pores filled only with air) can be 
calculated as; 
ZZZ PSis )(0
111         [4.19] 













        [4.20] 
However, when the sensor element is exposed to a target analyte this will infiltrate 
into the pores. The extent of this infiltration into the micro pores depends on three 
forces; gravitational force (Fg), capillary force (Fc) and applied external force (Fe), i.e. 
due to pressure difference. At equilibrium, 
 Fg + Fc + Fe = 0        [4.21] 
The gravitational force Fg can be described in terms of pore radius (r), the depth of 
infiltration (h) and the density of the target analyte (  ), 
 
[4.22] 
Likewise the external force due to atmospheric pressure (Fe1) can be expressed as  
rPF e 201          [4.23] 
where P0 is the atmospheric pressure 
Similarly the external force due to entrapped air in the micro pores (Fe2) that opposes 
Fe1 is 
rPF e 22          [4.24] 
where P is the pressure excreted by air trapped in the base of the pores. 
Therefore the total external force Fe is given by 
  Fe = Fe1 + Fe2       
[4.25] 
The capillary force Fc exerted on infiltrate can be written as  
)(2  CosrF c        [4.26] 
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where σ is the surface tension of target analyte and θ is the contact angle between the 
solid/liquid and liquid/air interface. Substituting Equation 4.22, 4.25 and 4.26 in 
Equation 4.21 and considering the sign convention, then the depth of infiltration can 





 )(20         
Defining filling fraction ( ) as the fraction of total volume filled by target analyte, 
which can be written as; 
d
h          
where d  is the height of the capacitor plate (i.e. the thickness of the PSi layer), 





 )(20       [4.27] 
That is if the porous silicon layer is uniform and the entrapped air pressure is constant, 
then the depth of infiltration and hence the filling fraction depends on: 
 i) contact angle between interfaces; 
 ii) density of target analyte; 
iii) and surface tension of target analyte.  
In terms of capacitance model the partially filled pores can be considered as two 
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CP
' - Capacitance due to entrapped air in pores 
ZP
' - Impedance caused by CP
'  and CTA
CTA - Capacitance due to infiltrate in pores    
CR - Capacitance due to Si rods    
ZR - Impedance caused by CR    
RS - Resistance of the Si substrate    
ZS - Impedance caused by RS
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Fig 4.42 Equivalent circuit after partial filling of pores with target analyte  
The total capacitance of the pores  C PT )(  will be given by  
CCC PTAPT ')(   
    

















)(      [4.28] 




'          [4.29] 
By substituting Equation 4.16 and 4.28 in Equation 4.29; 
  11'   r
P
P
ZZ        [4.30] 
Therefore, total impedance of the sensor  Z  when pores are partially filled with target 
analytes, can be calculated as;  
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'        [4.31] 
Therefore the impedance response (R) on exposure to target analyte normalised to 
initial impedance (i.e. Z/Z0) is given by 























'0     [4.32] 
Z S , Z R  and Z p are constant for a given sensor, two constants for the system can be 
defined: 
 ZZa RS   
ZZb RP   
Therefore; 
 































For highly porous PSi, Z R <<< Z p ' , thus;  


































     [4.33] 




























110   















































































     [4.35] 
 If it is assumed that  in Equation 4.35 does not vary with the target analytes 
and there is no dipole-dipole interaction between target analyte and the sensor surface, 
the normalized response should linearly increase with increasing the dielectric 
constant of the target analytes. Fig 4.43 shows that this is reasonably true for sensors 
with no polar groups on the surface (e.g. 1-decene modified sensors) except for 
ethanol and methanol. This odd behaviour of the sensor to ethanol and methanol could 
be due to variation of  as according to the Equation 4.27,   depends on contact 
angle between the sensor/liquid interface, surface tension and density of the target 
analytes. For an example, ethanol and methanol show higher contact angle than that 
of pentane, which reduce the infiltration depth. In addition, the presence of any silicon 
oxides on the 1-decene modified surface may also change the infiltration depth due to 
dipole-dipole interaction between the oxides and ethanol/methanol.  
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Response of the 1-decene sensors vs. dielectric constant




































Fig 4.43 Response (Z0/Z) of 1-decene modified sensors to different target  
analytes vs. dielectric constant 
 
However, for sensors modified with active functional groups, intermolecular 
bonded is expected to influence the infiltration depth. For example, undecylenic acid 
modified PSi sensors are expected to have a considerably higher response to ethanol 
and methanol due to their extremely high affinity to H-bonding with –COOH tail 
group on the surface, which will not occur to such a large extent with pentane, 
acetone or acetonitrile (Table 4.11). However, Fig 4.44 shows that the response to 
ethanol and methanol is comparable to 1-decene modified sensors. A possible reason 
for this low response could be related to condensation of water vapour on the surface 
during storage and testing; the –COOH group will readily adsorb water. A higher 
coverage of adsorbed water may lead to the C=O and OH groups of undecylenic acid 
being incorporated in a complex H-bond network with water, which would lead to 
lack of adsorption sites available for ethanol and methanol and thus resulting in the 
lower response than expected. Therefore the response of the undecylenic acid sensors 
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Undecylenic acid modified  sensors' response vs. dielectric constant




























stored in normal air is basically driven by the dielectric constant of the target analyte 
and depth of infiltration with little chemical interaction involved. Hence its response 
is very similar to the 1-decene modified sensors.  
 
Table 4.11 Donor numbers (DN) and acceptor numbers (AN) for different substances 
Substance DN (53) AN (53) Remarks 
Ethanol 32.0 37.1  
Methanol 30.0 41.5  
Acetonitrile 14.1 18.9  
Acetone 17.0 12.5  
Pentane 0 0 Data adopted from n-hexane 
Water 18.0 54.8  
Acid 20.0 52.9 Data adopted from acetic acid 














Fig 4.44 Undecylenic acid sensors’ response (Z0/Z) to different target  
analytes vs dielectric constant  
 
 
*The DN is an empirical semi-quantitative measure of nucleophilic properties of electron pair 
donor solvents (i.e. donocity) relative to the antimony pentachloride defined by Gutmann (54).  
**AN are dimensionless numbers which express the ability of a solvent to form an H-bond by 
accepting an electron pair from a donor atom of solute molecules, which was introduced by 
Mayer, Gutmann and Gerger (55). 
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4.4.2.5.1 Influence of humidity 
 To confirm that water vapour was adsorbing on the surface of the sensor the 
impedance of two different functionalize surfaces (-COOH and -CH3) were measured, 





















Fig 4.45 Impedance of modified sensors as a function of humidity  
(a) –COOH surface (b) –CH3 surface  
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(i) –COOH surface  
Bertilsson et. al. (56) found that one monolayer of water is formed at 
approximately 50%rh., increasing to approximately 3 monolayers at 80% rh. on a flat 
surface rich with –COOH tail group, while one monolayer is hardly reached above 
90% rh. for –CH3 surface (56). The formation of large number of monolayers on –
COOH surface is due to its capability to form strong H-bonds with water.  
However, in PSi, capillary condensation phenomenon can be involved. i.e. 
condensation of water vapour occurs in pores well below its saturation vapour 











        [4.36]  
Where σ is surface tension, M is molecular mass, θ is the contact angle, ρ is the 
density of vapour and Ps/Pw the saturation/partial vapour pressures. The Kelvin radius 
for water vapour at 70%rh. is calculated to be about 3 nm (Appendix C). Therefore it 
can be concluded that the capillary condensation is viable because the radius of the 
pores of typical meso porous Si lies in between 1 to 25 nm and the presence of meso 
porous structure is evidenced by the PL observed under UV light. 
Condensation causes a change in the dielectric constant of the PSi skeleton as 
it makes a dielectric mixture (Si skeleton and layer of condensed water). The effective 
permittivity ( m ) for a mixture of Si skeleton and condensed can be calculated using 




i1         [4.37] 
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where i is the volume fraction of phase i and  i the dielectric constant of phase i. 
 According to Equation 4.37, when condensation begins the effective 
permittivity increases as there is an increase in capacitance and hence a decrease in 
overall impedance. This is consistent with the data shown in Fig 4.45(a) for the – 
COOH functionalized surface.   At 5%rh., the impedance is high, indicating no 
condensation, but by 20%rh. it falls to a plateau region, probably due to capillary 
condensation forming a continuous water layer at low partial vapour pressure 
according to Equation [4.36]; the water contact angle for –COOH surface is very low 
(~00) (59). This may also induce an extra conduction pathway through the porous 
matrix which may reduce the impedance further. However, once the first monolayer is 
formed, surface conduction should be fairly constant, hence the plateau in the 
impedance response. At higher relative humidity (> 60%rh.) there is an abrupt drop in 
impedance, suggesting multilayer have developed, which would be consistent with 
Bertilsson et.al.’s observations on flat –COOH surfaces (56).  
 
(ii) –CH3 surface 
In contrast to the –COOH surface, the impedance of the -CH3 functionalized 
surface is only weakly affected by humidity increasing by only about 6% over the 
tested range. Methyl groups are hydrophobic i.e. the water contact angle for –CH3 
surface is very high (~1100) (59), so the surface is not wetted by water. Thus no or 
negligible absorption is possible and thus the impedance should be almost 
independent of relative humidity. However, the non-reversible increase observed at 































4.4.2.5.2 Influence of ambient air 
 The stability of sensors stored in atmospheric air at room temperature was 
investigated as described in Section 3.4.2(d). Fig 4.46 shows the impedance variation 














Fig 4.46 Impedance variation of sensors over the storage time (a) oxidized sensors (b) 




Oxidized sensors show the maximum stability over the period of examination 
as shown in Fig 4.46(a). 1-decene modified sensors are also stable over a long period 
of time but the impedance starts to decrease after 3 weeks (Fig 4.46 (b)). However, 
the maximum percentage error with respect to mean impedance is about 20.8% which 
lies within the acceptable limit of experimental error.  
 184
However, undecylenic acid modified sensors are less stable in air, their 
impedance increases rapidly at initial stages, but plateaus out at longer times (Fig 4.46 
(c)). FTIR reveals this is associated with oxidation as the intensity of the Si-O 
vibration peak increases as a function of storage time with a similar trend as the 
change in impedance of the sensor while all the other bands remain unchanged.  
 The APS modified sensors are the most unstable sensors in atmospheric air. 
The instability observed in APS sensors has already been discussed in Section 4.3.3.3. 
 
4.4.2.6 Response of sensors (in controlled atmosphere) 
 As explained in Section 4.4.2.5, the response of the sensors to each target 
analytes seems to be influenced by oxidation and adsorption of water vapour during 
storage in ambient air. Therefore another set of tests were carried out in a controlled 
atmosphere of 20% RH and a reduced pressure of 406 mbar.  
 Fig 4.47 shows the response of two 1-decene modified sensors against the 
dielectric constant of the target analytes. As can be seen, the response increases 
linearly with increasing dielectric constant. i.e. it behaves according to Equation 4.35 
in Section 4.4.2.5, assuming that  is a constant. Therefore it can be concluded, that 
the response of the 1-decene sensors merely depend on the dielectric constant rather 
than the depth of infiltration in the absence of functional groups, which could cause 
H-bonding. Also it can be seen from Fig 4.47, that sensor 1 and sensor 2 show 
different sensitivities to a particular target analytes, which might be due to the 
difference in pore morphology resulted from lack of reproducibility of PSi films.  
However, in contrast to 1-decene modified sensors, Fig 4.48 shows that the 
sensors with functional groups on the surface (e.g. undecylenic acid modified sensors 
and 3-aminopropyltrimethoxy silane (APS) modified sensors) do not give a linear 
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response with dielectric constant. Instead the response to ethanol deviates form linear 
behaviour considerably (curve (a) and (c)). [Curve (b) in Fig 4.48 shows the predicted 
response of an undecylenic acid modified sensor for a constant .] 
 The deviation of response to ethanol can be explained by using the 
donor numbers (DN) and acceptor numbers (AC) in Table 4.11. As undecylenic acid 
and APS modifiers introduce hydrophilic tail groups (–COOH or –NH2 respectively) 
onto PSi, both sensors can act as H-bond donors as well as H-bond acceptors, 
however, each to a different extent.  On the one hand undecylenic acid modified 
sensors can be considered as better H-bond acceptors than APS modified sensors (AN 
for acids~52.9 while AN a for amine~9.4) whilst on the other hand ethanol is a 
better donor (DN~32) than acetone (DN~17) and pentane (DN ~0) (Table 4.11). 
Therefore ethanol can form the largest number of H-bonds amongst the target analytes 
with undecylenic acid modified sensors or with APS sensors and hence gives the 
largest response with both as shown in Fig 4.48. However, acetone which gives the 
next highest response is a better donor than an acceptor. Therefore it has a higher 
affinity to undecylenic acid modified sensors than to APS sensors because acid 
surfaces (AN~52.9) are better acceptors than amine surfaces (AN~9.4). The lowest 
response to both types of sensors is given by the pentane as it is unable to participate 








Response of decene sensors vs. dielectric constant of target analytes
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R2 = 0.98


























Response of the sensors to target analytes vs their dielectric constant
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Fig 4.47 Response (Z0/Z) of 1-decene modified sensors to target analytes 













 Fig 4.48 Response to different target analytes vs. their dielectric constant (a) 
undecylenic acid modified sensor (b) predicted response assuming  is 
 constant and (c) APS modified sensors 
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In addition, Fig 4.49 shows the percentage normalized response of the three 
types of modified sensors to the different target analytes. It can be seen that the 1-
decene modified sensor shows its highest response to pentane, but the least response 
to water as there is no chance of making H-bond with the 1-decene modified surface. 
In contrast to the 1-decene modified sensor, APS modified sensor and undecylenic 
acid modified sensor show their highest response when exposed to water and the 
magnitude of the response decreases with decreasing ability of the target analytes to 
make H-bonding. Therefore it can be concluded that the response of the 1-decene 
modified sensors are based on the dielectric constant of target analytes; however, the 
response of APS and undecylenic acid modified sensors are strongly  related to the H-













Fig 4.49 Percentage normalized response of sensors modified with different 
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4.4.3 Liquid (Flow) test  
 Flow tests were carried out as described in Section 3.4.2(b) using different 
types of surface modified sensors. Acetone and ethanol were used as the target 
analytes (TAs). Pentane was not used due to it rapid evaporation. Methanol and 
acetonitrile were also omitted due to safety concerns.    
 
4.4.3.1 Sensor response curve 
Fig 4.50 shows the variation of impedance of an undecylenic acid modified 
sensor when it is exposed to flowing ethanol or acetone. The decrease in impedance at 
the initial stage of the exposure is due to infiltration of the target analyte into the pores 
and their continuous filling, which increases the capacitance of the system and hence 
decreases the impedance (Section 4.4.2.5). Subsequently, the response reaches a 
stable state due to either complete filling of the pores or reaches a steady depth of 
penetrating state. Fig 4.50 shows that the sensor takes a longer time to reach its steady 
state when exposed to acetone than ethanol. This could be due to the lower surface 
tension of ethanol allowing easier pore infiltration.  
Fig 4.51 shows the response curve of a 1-decene modified sensor when it is 
subjected to a flow of acetone, it can be seen that the time taken for stabilization is 
even longer than that of the undecylenic acid modified sensors shown in Fig 4.50. 
This suggests molecular interactions play a role in pore filling. Note the 1-decene and 
undecylenic acid molecules have the same length of carbon chain and thus the extents 
to which these physically block the pores should be similar.  




0  depends on the dielectric constant of the target 
analyte as this determines the total capacitance. (i.e. Equation 4.28 in Section 4.4.2.5) 
        [4.28] 
 189
Undecylenic acid modified sensors - tested for acetone
















Undecylenic acid modified sensor - tested for Ethanol















Fig 4.52 shows the behaviour of a 1-decene modified sensor when it is first exposed 
to ethanol and then to acetone. It apparently behaves as would be expected according 






















Fig 4.50 Variation of impedance of undecylenic acid sensor when it is exposed 
to (a) ethanol (b) acetone 
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Undecylenic acid modified sensor - tested for acetone
















Decene modified sensor - tested for ethanol followed by acetone








































Fig 4.52 Variation of impedance of 1-decene sensor when it is exposed first to 
























Fig 4.53 shows the dynamic behaviour of a typical undecylenic acid modified 
sensor’s response as the flow is switched form ethanol to acetone successively. First, 
as the ethanol is gradually replaced by acetone the impedance starts to increase. This 
could be due to the continuous change in the dielectric constant of the acetone/ethanol 
mixture as the volume fraction of acetone in ethanol increases; acetone is miscible in 
ethanol. This process will be discussed in detail in Section 4.4.3.2. Once the 
impedance obtains a steady state, flow is switched from acetone back to ethanol. As 
can be seen in Fig 4.53, impedance recovers back to almost its initial value, although 
with a small upward shift possibly due to erosion of the pore walls. Sudden drops in 
impedance also occur immediately after such switch between solvents, thought to be 












Fig 4.53 Dynamic behaviour of the sensor as the flow switched from  





 Fig 4.54 shows the dynamic electrical response of typical 1-decene modified 
sensors towards stepwise changes in ethanol concentration in acetone by volume. 
Likewise, Fig 4.55 shows the relative change in impedance against the concentration 
of ethanol in acetone by volume for 1-decene modified and undecylenic acid modified 
sensors. It can be seen that the sensitivity varies with the surface modifier. As 
described in Section 4.4.2.6, the lower sensitivity seen with the 1-decene modified 
sensors, compared to that of undecylenic acid modified sensors,  is due to its 
hydrophobic and inert (no chemisorptions) surface characteristics.  
To help with data interpretation these normalized responses were rescaled with 
















0  at 100% ethanol set to 100; now defined as percentage sensitivity. Fig 
4.56 shows the percentage sensitivity of 1-decene modified sensor and undecylenic 
acid modified sensor against ethanol concentration respectively. It can be seen that in 
the case of 1-decene sensors the response increases linearly with increasing ethanol 
concentration. This correlates well how the polarization of ethanol/acetone varies with 
ethanol concentration (Fig 4.57). That is it behaves according to Equation 4.35 in 
Section 4.4.2.5 assuming   is a constant. Therefore it can be concluded that the 
response of the 1-decene sensor is merely due to the change in dielectric medium. 
 However, in contrast to 1-decene modified sensors, Fig 4.56 (2) shows that the 
undecylenic acid modified sensors do not give a linear response with increasing 
ethanol concentration and hence is not solely related to the polarization of the 
mixture. In fact at low ethanol levels the response is twice that the expected response 
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in the absence of chemical interaction; i.e. slope is 2. This clearly illustrates the effect 
























Fig 4.54 Dynamic behaviour of 1-decene modified sensors to stepwise change in 
concentration of acetone (a) 1% to 25% (b) 20% to 100% in ethanol by volume 
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Fig 4.55 Relative change in impedance as a function of ethanol concentration in 





















































































Fig 4.56 Percentage response against the concentration of ethanol in acetone ( i.e. 
Normalised response after rescaling with respect to acetone  (1) 1-decene modified 
sensor (2) undecylenic acid modified sensor; dash line is the expected curve in the 













Fig 4.57 Variation of polarization of acetone/ethanol mixture (Pm) with the 
concentration of ethanol in acetone (Calculated from Appendix D) 
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4.4.4 Aqueous System (Tested for NaCl) 
 Since the surface of undecylenic acid modified sensors is hydrophilic it was 
tested in an aqueous system, that its response to NaCl concentration was monitored.   
 For very dilute solutions the equivalent conductivity for any electrolyte of 
concentration c  can be approximately calculated using the Debye-Hückel-Onsager 
equation, which can be written for a symmetrical electrolyte (i.e. equal charge on 
cation and anion) as; 
 cBA 2/100        [4.38] 
Where c  is the concentration of the solution in mol/L,   is the molar conductivity 
per unit concentration of charge (10-4m2Smol-1) and 0  is the molar conductivity at 
infinite dilution. A and B are constants and for an electrolyte having both cation and 
anion with charge 1 and at 250C, A = 60.2 and B = 0.229. For NaCl solution 0 is 
found to be 126.39. The molar conductivity is also related to electrical conductivity 
k  by; 
c
k          [4.39] 
From Equation 4.38 and 4.39, the concentration of a solution of NaCl can be 
converted to its electrical conductivity. Fig 4.58 shows the normalized response of an 
undecylenic acid modified sensor against the electrical conductivity of the NaCl 






































Fig 4.58 Percentage normalized response of the undecylenic acid modified sensor 




Fig 4.59 shows the equivalent circuit when the pores are partially filled with 
DI water. However, the resistance caused by partially filled pores with DI water (Rp(w))  
in Fig 4.59 is very high compared to that of reactance due to  Cp(w) [Xp(w)]. Therefore 
no current flows through Rp(w). Also the reactance of Cp(a) [Xp(a)] and resistance Rp(a), 
which are due to the entrapped air in the pores, can be neglected as both resistances 
are few order of magnitude higher than Xp(w) and therefore resistive enough to restrict 
the current flow through them. In addition, due to the depletion of charge carriers in 
nano-crystalline Si rods, RR is considerably higher compared to reactance caused by 
CR [XR]. Therefore RR can also be neglected. Hence the equivalent circuit when pores 


















Fig 4.60 Simplified equivalent circuit for PSi sensor when pores  
are filled with DI water 
 
Therefore total impedance ( Z 0 ) of the sensor in contact with DI water can be 
expressed as: 
 XXZ RwPPSi  )()(0        [4.40] 
Where 
fCX 2
1  and Z PSi)(0 is the total impedance of PSi at zero concentration of 
NaCl, X wP )( is the impedance of pores filled with DI water and X R  is the 
impedance of crystalline rods in PSi.  
CP(W) CR 
RS 
CP(w) – Capacitance due to  
pores partially filled with DI  
water 
RP(w) – Resistance due to pores                 
partially filled with DI water 
CP(a) – Capacitance due to   
entrapped air in pores  
RP(a) – Resistance due to  
entrapped 
 air in pores  
CR – Capacitance due to Si rods 
RR – Resistance due to Si rods 













CP(NaCl) – Capacitance due to pores 
filled with NaCl 
 
RP(NaCl) – Resistance due to pores              
filled with NaCl 
 
CR – Capacitance due to Si rods 
RS – Resistance of the Si substrate 
Therefore the total initial impedance when the pores are filled with DI water (Z0) can 
be written as; 
ZRZ PSis )(00
111         [4.41] 
Where Rs  is the resistance of the Si substrate. 
By substituting Equation 4.40 in Equation 4.41; 
 XXRZ Rwps  )( 1110       [4.42] 
 XXR RXXZ Rwps SRWP  )()(01       [4.43] 
However, when the pores are filled with NaCl, the resistance caused by partially filled 
pores with NaCl is lowered considerably by the high conductivity of the NaCl 
solution and can no longer be neglected. Therefore the simplified equivalent circuit 







Fig 4.61 Simplified equivalent circuit for PSi sensor when pores  
are filled with NaCl solution 
 
The dependency of static dielectric constant (εs) of mixtures and electrolyte 
solutions on concentration, temperature and pressure has been extensively studied 
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(60-64). It was also found that depending on the solvent properties and the extent of 
ion association or dissociation, the values of εs for electrolyte solutions may decrease 
or increase with increase in electrolyte concentration. A decrease in static dielectric 
constant with increase in ionic concentration is primarily due to ion salvation effect 
(65). For example in aqueous electrolyte solutions, such as NaCl, water molecules 
take part in the formation of hydration cells around ions, which prevents those water 
molecules from being oriented by an external field. Therefore, these water molecules 
do not participate in creating effective dipole moment of the system, thus causing a 
decrease in system polarization and hence the dielectric constant. Therefore in 
aqueous NaCl system, dielectric constant gradually decreases with increasing NaCl 












Fig 4.62 Predicted and experimental static dielectric constant for aqueous NaCl 
solution at                                                          bnfd25oC  
 
 






















Zasetskii et al. (68) Christensen et al. (67) Harris et al. (66) 
Hasted et al. (70) Haggis et al. (69) 
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However, for dilute solutions it can be approximated that the dielectric constant 
decreases linearly with increasing concentration of electrolyte (Fig 4.62). Therefore 
dielectric constants for the NaCl solutions used in this work were calculated by 
interpolation and are tabulated in Table 4.12. 
 
Table 4.12 Static dielectric constants of NaCl aqueous solution at different 
concentration (calculated by interpolation) 
 
Concentration (c) of NaCl 
(mol/L) 
Static dielectric constant at 
concentration c (εs) 
Reference 
0.000 70.20 62 
0.002 70.18 - 
0.020 69.95 - 
0.050 69.57 - 
0.100 68.94 - 
0.150 68.30 - 
0.200 67.68 - 
0.880 59.10 62 
 
It can be seen from Table 4.12, that the variation of dielectric constant of dilute NaCl 
solutions from that of DI water is small, less than 15% decrease over the studied range. 
Therefore for simplicity it will be assumed that there is no (negligible) change in 
dielectric constant when the pore liquid is replaced from DI water to NaCl. 
 In addition it can also be assumed that the filling fraction ( ) in Equation 
4.27, remains unchanged when DI water is replaced by the dilute solution of NaCl as 




  (in Equation 4.27)  )( NaClw  and hence XX wpNaClp )()(   
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RP(NaCl) – Resistance due to pores        
filled with NaCl 
 
CR – Capacitance due to Si rods 
 





However, the reactance RX NaClpwp )()(  , which is true for both very low 
concentrations and high concentrations of the solution. Therefore the equivalent 






Fig 4.63 Further simplified equivalent circuit when the pores are filled with NaCl 
 
 Since voltage across the capacitor is 900 out of phase with voltage across the resistor 
the total impedance of the PSi at any given concentration of NaCl is given by: 
  XRZ RNaClPPSi 22 )(        [4.44] 
Finally the total impedance (Z) of the sensor at a given concentration of NaCl is given 
by; 
ZRZ PSis




PSis 1         [4.45] 
By substituting Equation 4.44 in Equation 4.45; 
 





































       [4.46] 
By substituting Equation 4.44 in Equation 4.46; 
   



















    [4.47] 
The measured resistance of the electrolyte can be related to the electrical conductivity 
k   by; 
R
Kk C           [4.48] 
Where KC  is the cell constant. The values of KC  is not possible to get as it depends 
on geometry and number of pores (71) 
The normalized response (Z N ) is defined as Z
Z
0
1   and therefore; 
   
  
 












































   [4.49] 
Two extremes in Equation 4.49 can be considered. 
(i) At very low concentrations;  
The conductivity will be very small. i.e. 0k , R NaClP )(  
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Therefore 0Z N   
(ii) At high concentrations; 









Where RS  and X R are constant for a given sensor. 
Therefore; 
Z N  constant 
Therefore it can be concluded that Equation 4.49 well describes the plot of response 
against the electrical conductivity in Fig 4.58. However, examination of Fig 4.58 
reveals that sensitivity is only available at low NaCl concentrations, i.e. at higher 
concentrations the response is a constant. Therefore the sensor is unlikely to be 
practical for bio-applications since bio-fluids typically contain 0.9 wt% NaCl. 
 
4.4.5 Vapour test 
 Individual testing were carried out on modified sensors as described in Section 
3.4.2 (c) of Chapter 3. The behaviour of each sensor could either be due to partial 
filling of pores from capillary condensation or the formation of monolayer/ multi 
layers of adsorbate by adsorption. However, as the functional theory behind the 
characteristic performance of the sensor due to partial infiltration of pores is already 
described in Section 4.4.2.5 being the same as the drop test, this section focuses on 
the theoretical background behind the performance of the sensor due to adsorption.  
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 The behaviour of sensors due to adsorption of vapours can be described by 
using the Serial Parallel Capacitor Model in Section 4.4.1, and extending it to a three 
components system (Fig 4.64). The three components considered here are crystalline 
Si columns, void or pores and the thin layer of adsorbate on the pore walls. Fig 4.65 
shows the equivalent parallel capacitors network for the three components system, 
which consists of nine parallel plate capacitors; two C1 and two C2 capacitors due to 
crystalline Si columns and one Cp due to void or pores filled with air as in two 
components system, additional two C3 and two C4 capacitors due to the adsorption of 

















   N   N1 
Equivalent pore 
(filled with air) 
C1 
Equivalent crystalline Si 
C1 
C2 C2   E Cp 
Thin layer of adsorbate 






N – Dimension of the full cuboids 
 
N1 – Dimension of the void 
cuboids 
 
n – Thickness of the adsorbed 
layer (or adsorbate)  
 
Cn – Capacitance of the each 









Fig 4.65 Equivalent capacitor network for the three components approach 
 
The capacitance of each parallel capacitor can be written as; 








        [4.51] 
dC SiN
NN 02 1 12 


           [4.52] 
dC rn






       [4.54] 
 
Where 0 is the permittivity of air, Si  is the permittivity of Si, r  is the 
permittivity of the target analyte and d is the thickness of the PSi layer.  
The thickness of the adsorbate (n) is considerably thinner compared to the dimensions 
of the void cuboids (N1). i.e. N1 >>> n 















Also for a highly porous silicon matrix (porosity is approximately 80%) the void 
volume is considerably larger than the remaining crystalline Si volume;  
i.e. N2-N12 ≈ 0 and  hence N-N1 ≈ 0 
Thus C2 ≈ 0 
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C eff  2
11
10
1       [4.55] 
Similarly an equivalent effective capacitance for the PSi before exposing to target 
analyte 

Ceff 0 can be deduced from two components approach described in Section 









































  [4.57] 
Where Z0 is the initial impedance (before exposing to TA) and ZT is the total 
impedance of the sensor after exposing to the TA. 
Since 0 , Si , N , 1N  and d  are constant for a given sensor, Equation [4.57] can 

























0  and it is named as the system constant. 
Therefore;  














     [4.58] 
 
CXmY   
Fig 4.67 shows the response of 1-decene modified sensors to different target 
analytes in the vapour phase. The response (Z0/Z) of the sensor increases linearly with 
the vapour’s dielectric constant without any need to adjust for possible changes in the 
depth of penetration; that is to say the response to vapours correlates better to 
Equation 4.58 than Equation 4.35. Therefore it can be concluded that the response of 
the 1-decene modified sensors to different vapours is due to the adsorption of vapour 
 210
Response of 1-decene modified sensors to different organic vapours
y = 0.0014x + 1.02
R2 = 0.99























onto the pore wall, which can cause increase in effective capacitance and hence 
decrease in impedance. Thus increasing the response (Z0/ZT) with increasing the 
permittivity of the adsorbate. 
However, it was found that the sensitivity of the 1-decene modified sensor to a 
particular target analyte varies from one sensor to another (compare the two plots in 
Fig 4.67). This is believed to be due to the lack of reproducibility of the PSi film (i.e. 
N and N1 varies from one sensor to the other) and also due to the use of a primitive 
method (i.e. use of Ga-In eutectic together with a hand cut insulating layer) to make 
the back Ohmic contact, which changes the electric field distribution across the PSi. 
 Fig 4.68 shows the behaviour of undecylenic acid and APS modified sensors 
to different target analytes in the vapour phase, which it can be seen in similar to that 
of the 1-decene sensors. This suggests that adsorption mainly occurs via physical 












Fig 4.67 Response of two nominally identical 1-decene modified sensors  (A and B) to 
target analytes in vapour phase; show the same trends but different sensitivity 
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Response of APS and undecylenic acid modified sensors to different organic vapours
y = 0.002x + 1.06
R2 = 0.97
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Fig 4.68 Response of undecylenic acid and APS modified sensors to target 
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CONCLUSION AND FUTUTER WORK 
5.1 Conclusion 
  A comprehensive study was undertaken to investigate the feasibility of 
functionalized PSi as a chemical/ bio-chemical sensor. A honey-comb-like structure 
was first produced by chemical etching of p-type Si in ethanoic HF solution. The 
presence of nano-pores in meso-porous Si film was confirmed by its 
photoluminescence as nano-pores are preferable for chemical sensor applications due 
to its high surface-to-volume ratio.   As it is vital to obtain crack-free PSi for sensor 
application, different drying techniques as described in Section 3.2 were employed 
and their influence on cracking was investigated. Among them, freeze drying was 
capable of providing crack free meso-porous film while both freeze drying and N2 
blow drying were successfully used to obtained crack-free macro-porous films.    
 As PSi is easily oxidized in ambient air, which changes its properties, a 
number of different surface functionalization techniques (thermal oxidation, thermal 
hydrosilylation and silanization) were effectively employed to stabilize the surface. 
FTIR spectra confirmed that the stability of PSi in ambient air against oxidation was 
considerably improved. Among the functionalized PSi, 1-decene modified PSi and 
oxidized PSi were the most stable. Although functionalized PSi is resistant to 
oxidation, it was found that the PSi modified with undecylenic acid was susceptible to 
humidity. The adsorption of water vapour from ambient lowered the sensitivity of the 
sensor towards the target analytes. Likewise, a PSi surface consisting of primary 
amine groups (obtained from silanization with 3-aminopropyl-tri-methioxy-silane 
(APS)) was unstable in ambient air. As revealed by the FTIR spectra, primary amine 
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functionality readily reacts with CO2 in air and forms bicarbonate salt structure, which 
was further enhanced by water vapour.  However, surface functionalization provided 
the PSi surface with properties which were tailored by the tail group allowing 
enhanced selectivity. Even though oxidized PSi was the most stable form in ambient 
air, these sensors did not show enough sensitivity to any of the target analytes used in 
this work. This could be due to the insulating property of the oxidized PSi. (i.e. no 
electric field can reach the porous layer and hence no change in the impedance on 
exposure to target analytes is observed).  
Different types of tests were carried out; drop tests, flow tests, and vapour 
tests as described in Section 3.4.2. To help interpret the results the serial – parallel 
capacitor model by Pan et.al. (1) was adapted for this work and shown to be capable 
of analysing and demonstrating the performance of the sensors. In this model, PSi was 
considered as a two phase medium composed of air inclusions placed uniformly 
inside a homogeneous Si metric.  PSi is then treated as a combination of series and 
parallel capacitors. As this work deals with highly porous Si matrix it was ultimately 
deduced to two parallel plate capacitors in series; one capacitor represents the pores 
while the other represents crystalline rods in PSi. Filling up pores with target analyte 
causes changes in the dielectric constant of the media between capacitive plate and 
hence the total capacitance/ impedance which is recorded as the response of the 
sensor. 
 
(a) Drop test 
Different characteristic curves were obtained for different target analyte when 
sensors were exposed to a 0.1ml drop of target analyte. The impedance response 
curves of ethanol, methanol, acetone and acetonitrile showed three different zones; 
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exposure, stabilization and evaporation. However, a sharp peak was recorded for 
pentane which could be due to fast wetting of the surface due to its low surface 
tension followed by its rapid evaporation due to its low boiling point. In addition, 
acetone and acetonitrile showed rapid and full recovery in the evaporation zone while 
methanol showed slow recovery with hardly any identifiable boundary between 
stabilization and evaporation zones. In contrasts ethanol showed clear boundaries but 
not complete recovery. In addition, it was found that the drop size influenced the 
magnitude of the response of the fast evaporating solvents to a greater extent than that 
of their slow evaporating counterparts.  
The effect of wafer resistivity on the sensor’s response was also investigated. 
It was found that normalized response was independent on wafer resistivity. However, 
the selection of wafer was done cautiously as adsorption properties of the PSi is 
determined by the pore size which varies with wafer resistivity. 
 
(b) Flow test 
In flow tests, a continuous and stable flow of organic solvents or NaCl 
electrolyte solution was introduced into the sensors. Sensors showed a decrease in 
impedance at the initial stage of exposure due to infiltration of target analyte in to the 
pores and their continuous filling after which it reached a stable state due to either 
complete filling or reaching its maximum depth of penetrating. The sensor response 
was basically dependent on the extent of infiltration of target analyte in to the micro 
pores. It was found that depth of infiltration depends on a few factors; contact angle 
between interfaces, density and surface tension of the target analyte. However, for 
sensors modified with active functional groups, intermolecular bonding influenced the 
infiltration depth and hence the response.  
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The normalized response was found to linearly increase with increasing 
dielectric constant of the target analytes for sensors with no polar groups on the 
surface. (eg. 1-decene modified sensors). It is also found that 1-decene sensors show 
high sensitivity to pentane compare to other types of sensors. This might be due to the 
increase in infiltration depth due to interfacial compatibility interactions (i.e. both, PSi 
surface and pentane are hydrophobic in nature and hence the contact angle between 
them should be low).  
In contrast to 1-decene sensors, undecylenic acid/APS modified PSi sensors 
showed considerably higher response to ethanol and methanol due to the extremely 
high affinity to H-bonding with –COOH tail groups/NH2 tail groups on the surfaces 
respectively. However, the response of the undecylenic acid sensor became 
comparable to 1-decene sensor after it was stored in ambient air, due to the 
condensation of moisture on its surface. It is postulated that a higher coverage of 
adsorbed water may lead to C=O and OH groups of undecylenic acid being 
incorporated in a complex H-bond network with water, which leads to a lack of 
adsorption sites available for ethanol and methanol and hence lowers the response. 
However, it is clear that sensors modified with different chemical functional groups 
show different degrees of sensitivity towards the various target analytes. Therefore it 
can be concluded that surface functionalized PSi is a viable option for a chemical 
sensor and that could provide excellent sensitivity.  
In addition to the testing of sensors in organic system, undecylenic acid 
sensors were also tested for aqueous system using diluted NaCl solution. Undecylenic 
acid sensors show higher sensitivity for low conducting solutions, but unfortunately 
the sensitivity decreases with increasing conductivity of the electrolyte. Therefore, 
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because body fluids typically contain 0.9 wt% NaCl the sensor is unlikely to be viable 
for biomedical applications. 
 
(c) Vapour test 
In vapour tests, sensors were exposed to different organic vapours under gas 
saturation condition inside a control humidity chamber. It was found that adsorption 
of vapour on to the pore wall is the cause for the sensors’ response. However, unlike 
in the case of drop/flow tests, the behaviour of the undecylenic acid sensors and APS 
sensors is very similar to that of 1-decene sensors. This suggests that adsorption of 
vapour mainly occurs via physical interaction. 
Finally the immobilization of Bovine Serum Albumin (BSA) on to the meso-
porous Si via carbamate immidazole cross-linker was explored, but found to be 
unsuccessful. The inability to immobilize the BSA is deemed either to be due to 
blockage of nano-pores by large BSA molecules or to be due to capillary 
phenomenon. However, BSA was successfully covalently bonded on to macro-porous 
Si using the same cross-linker as revealed by the FTIR spectra.  
 
5.2 Contribution 
Overall it has been demonstrated that monitoring the impedance of PSi films is 
a viable method for the detection of organic solvents and vapours. The response of the 
sensors can be modelled in terms of arrays of parallel plate capacitors.   
Functionalization of the PSi surface with different chemical groups increases 
sensitivity and selectivity as well as providing protection against oxidation. As 
sensors with different functionalities show different sensitivity towards the target 
analyte fabrication of a sensor array for an electronic nose remains a feasible prospect.  
 221
5.3 Future Work 
 (1) Sensitivity of the sensor to a particular target analyte seems to be varying 
from one sensor to another. This is believed to be due to the lack of reproducibility of 
the PSi film (i.e. pore morphology and pore size distribution differ from time to time). 
Therefore, use of more reliable etching technique (eg: use of single tank cell as 
described in Section 2.8.2), which can produce more uniform PSi film, might be 
useful.  
 
(2) The lack of reproducible sensitivity could also due to the use of a primitive 
method to make the back Ohmic contact of the sensor (i.e. use of Ga-In eutectic 
together with hand cut insulating layer). Alternatively, the use of thin film technology 
such as evaporation/sputtering of Al/Au should be explored to obtain a better Ohmic 
contact at the back of the sensor.  
 
 (3) As mentioned in Section 5.1 sensors with different functionalities show 
different sensitivity towards the target analytes (Fig 4.49), fabrication of a sensor 
array for an electronic nose remains a feasible prospect. However, although patterning 
of PSi and functionalization of each pattern with different modifiers is viable, 
obtaining an array of signal form each pattern is yet to be resolved. 
 
 (4) Even though immobilization of BSA onto PSi was successful as 
demonstrated in Section 4.3.4.3 the number of BSA molecules seem to be rather small 
as revealed by the FTIR spectra. Therefore, it is recommended to carry out further 
investigations by varying experimental parameters to increase the degree of 
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immobilization. Also the feasibility of using BSA immobilised PSi as a label free bio-
sensor is yet to be explored; specifically as a direct immiuno sensor.     
 
5.4 Reference 






























Comparison of the response of 1-decene modified PSi sensor with the 
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Variation of dielectric constant of aero gel as a function of porosity 
 
Reference 
1) X. Xiao, R. Streiter, G. Ruan, T. Otto, T. Gessner., Microelectronic 




























Capillary condensation and calculation of Kelvin radius   
Capillary Condensation is the "process by which multilayer adsorption from 
the vapour [phase] into a porous medium proceeds to the point at which pore spaces 
become filled with condensed liquid from the vapour [phase]."(1) The unique feature 
of capillary condensation is that it occurs below its saturated vapour pressure If the 
radius of curvature of the micro contact is below a certain critical radius 
(approximately equal to the Kelvin radius)  i.e. a meniscus will be formed  if the 
radius of the capillary is smaller than the Kelvin radius. This is due to an increased 
number of van der Waals interactions between vapor phase molecules inside the 
confined space of a capillary 
The Kelvin equation relates the equilibrium vapour pressure of a liquid to the 
curvature of the liquid/vapour interface. It predicts that unsaturated vapours will 













Where σ is the surface tension, R the gas constant, T the temperature, ρ density, M the 
molar mass and PS the saturation vapour pressure.  





 = 0.54 nm. Therefore at 
sP
wP   = 0.7 (i.e. 70%rh.) the Kelvin radius is 3 nm and 





1) Schramm, L.L The Language of Colloid & Interface Science 1993, ACS 

























Computation of dielectric constant of solvent mixtures  
 Several models to calculate the dielectric constant of the solvent mixtures have 
been reported (1, 2). The simplest theory for dielectric constant of a pure liquid is 
given by the Kirkwood theory (1, 2). For a pure liquid in which the dielectric constant 
 i  is related to the polarization per unit volume of the fluid  ip by Wang et.al. 









         [1]  
The simplest approach is to assume that the polarization for each pure component in 
the mixture is unchanged upon mixing at constant temperature and pressure and hence 




imm           [2] 
Where Pm is the polarization per unit volume of mixture, m is the molar density, 
xi  is the mole fraction of component i, and vi  is the molar volume at constant T and 
P. Oster’s rule can further be simplified by assuming zero volume change upon 
mixing such that dielectric constant of the fluid mixture becomes equivalent to the 




im  1          [3] 
 
Where  i  is the volume fraction based on pure component molar volumes (2).  
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Polarization of the acetone/ethanol mixture was calculated using Equations [1] 
and [3] and plotted against the concentration of ethanol in acetone (Fig 4.57 in 
Section 4.4.3.2). Although the Kirkwood theory becomes impractical for mixtures of 
polar solvents due to complications that arise from changes in the orientation among 
various polar molecules it should still give reasonable estimates for mixtures of 
simple organic solvents such as acetone and ethanol. 
 
Reference 
1) P. Wang, A. Anderko, Fluid Phase Equilibria, 186, 103-122, 2001 
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